高分散分光による太陽系外惑星大気の研究：WASP-33b および HD209458b の大気における TiO 分子線観測 by NUGROHO Stevanus Kristianto
Characterization of Exoplanet Atmospheres
using High-resolution Spectroscopy: Searching
for TiO Signature in the Atmosphere of
WASP-33b and HD 209458b
著者 NUGROHO Stevanus Kristianto
学位授与機関 Tohoku University
学位授与番号 11301甲第18263号
URL http://hdl.handle.net/10097/00124046
TOHOKU UNIVERSITY
PH.D THESIS
Characterization of Exoplanet Atmospheres using
High-resolution Spectroscopy: Searching for TiO
Signature in the Atmosphere of WASP-33b and HD
209458b
「高分散分光による太陽系外惑星大気の研究:
WASP-33bおよび HD209458bの
大気における TiO分子線観測」
Author:
Stevanus K. NUGROHO
Supervisor:
Prof. Toru YAMADA
Dr. Hajime KAWAHARA
A thesis submitted in fulfillment of the requirements
for the degree of Doctor of Philosophy
in the
Graduate School of Science
Astronomical Institute
September 25, 2018

iii
“In any field find the strangest thing and then explore it. ”
John Wheeler

vAbstract
High-resolution spectroscopy is a powerful tool to characterize the exoplanet atmosphere as it
is able to resolve molecular bands into individual absorption lines allowing a robust molecular
species detection. This technique is able to distinguish the exoplanet lines from telluric and
stellar lines due to the variation of Doppler shift of the planet during the observation. It has been
predicted that titanium oxide (TiO) and/or vanadium oxide (VO) causing thermal inversions
in the atmosphere of the very hot Jupiter but there was no strong observational evidence to
support with. Thermal inversion is a common phenomenon that can be found in the solar system
planets including our Earth. The existence of this layer affects the atmospheric dynamics and the
thermal evolution of the planet. The hot Jupiter is a very unique planet that we do not have in
our solar system. Therefore, it is very important to detect the responsible compound of thermal
inversion in the hot Jupiter to understand the exoclimate of this planetary group.
The aims of this thesis are to find TiO in the atmosphere of hot Jupiter and solve whether it is
the responsible molecule for the thermal inversion layer in the hot Jupiter or not using high-
resolution spectroscopy.
I observed the emission spectrum of WASP-33b (Tday= 3400 K) and the transmission spectrum of
HD 209458b (Teq= 1800 K) using High Dispersion Spectrograph (HDS; R 165,000) on Subaru tele-
scope in the wavelength range of 0.62-0.88 µm. We remove the systematics from the instrument,
the telluric and stellar lines using SYSREM and cross-correlated with planet model spectrum.
I succeeded to simultaneously detect the first high-resolution TiO emission signature and con-
firm the existence of the stratosphere on the day-side atmosphere of WASP-33b by 4.8-σ. This
detection provides the first direct evidence of TiO being the responsible molecule of thermal
inversion in the hot Jupiter and estimates the maximum TiO condensate size of 3-5 µm in the
atmosphere of WASP-33b.
Meanwhile, there is no TiO signature in the transmission spectrum of HD209458b down to the
volume mixing ratio of 10−8 which is set by the enhanced Rayleigh scattering slope. The non-
detection is best explained by the cold trap in its atmosphere and is consistent with the previous
studies constraining the non-inverted atmosphere of HD 209458b. These results highlight the
need to continue the research of finding TiO in the atmosphere of moderate hot Jupiter to extend
our understanding of the thermal inversion layer in the hot Jupiter.
Keywords: TiO, thermal inversion, atmosphere, high-resolution spectroscopy, hot Jupiter, optical spec-
troscopy
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Introduction
1.1 Detecting Exoplanet
"Are we alone in this universe?" This question has driven a number of scientific efforts to try to
give hints on the answer. Finding planets orbiting other stars is one of them (extrasolar planet,
exoplanet). In this section, I briefly review the methods to discover exoplanets.
1.1.1 Radial Velocity
In 1995, a Jupiter-sized planet orbiting a solar-type star every 4.2 days was detected using radial
velocity technique (51 Peg b, Mayor and Queloz, 1995). This technique looks for the periodic
radial velocity variation of the star due to its motion orbiting the center of mass of the star-
planet system just like in the spectroscopic stellar binary (see Figure 1.1). The semi-amplitude of
the radial velocity variation is given by Lovis and Fischer (2010)
Ks =
(
2pi
Porb
)1/3 Mp sin i(
Ms + Mp
)2/3 1√1− e2 (1.1)
where Porb is the orbital period, Ms is the mass of the star, p is the mass of the planet, i is the or-
bital inclination, e is the eccentricity. From equation 1.1, the more massive the planet the larger
the variation of the radial velocity of the star but also depend on the degree of the orbital inclina-
tion. Meanwhile, the lighter star the larger the semi-amplitude of the radial velocity variation.
Through this technique, we can measure the orbital period, the semi-major axis, and the lower
limit of the planet orbiting the star. The maximum radial velocity of 51 Peg due to this motion
is very tiny, only ∼ 60 m/s, while to detect an Earth-like planet orbiting Sun-like star we have
to be able to detect the variation of the star radial velocity of ∼ 0.1 m/s or 9 cm/s! Thus, this
technique needs a very precise high-resolution spectrograph, for example, the InfraRed Doppler
(IRD Kotani et al., 2014) instrument in Subaru telescope and Echelle SPectrograph for Rocky
Exoplanets and Stable Spectroscopic Observations (ESPRESSO Pasquini et al., 2009) in VLT.
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FIGURE 1.1: The schematics of the orbital of the exoplanet and its host star around the common center
of mass (c.m.). Ms and Mp is the mass of the star and the planet respectively, rs and rp is the distance of
the common center of mass to the star and the planet respectively, and vs and vp is the radial velocity of
the star and the planet respectively. The star and the planet move around the common center of mass
which can be seen as a change of Doppler shift in their observed spectrum.
1.1.2 Planetary Transit
HD 209458 b was discovered by Charbonneau et al. (2000). The orbit of HD 209458 b is almost
edge-on so that when the planet passes in front of its host-star (transiting), it shadows some part
of the light of the star when it is observed from the Earth. Figure 1.2 shows the change of the
stellar brightness as the planet covers a tiny part of the stellar surface from the observer. The
transit depth depends on the square ratio of the radius of the planet and the host star, therefore,
allowing us to measure the radius of the planet. Most of the exoplanets known so far have
been discovered by this method via space telescope (e.g. Kepler, CoROT) and ground-based
telescopes (e.g. WASP, HATNet Project).
When we combine the measurement of the size of the planet with the mass of the planet from ra-
dial velocity measurement, one can also study the bulk composition of the planet. The true mass
and density can also be determined as the inclination of the transiting planet are close to 90 de-
grees. By doing a high-resolution spectroscopy during the transit event, one can also determine
the alignment of the orbital axis of the planet and the stellar rotational axis and simultaneously
confirm the detection of exoplanet through Rossiter-McLaughlin effect or Doppler tomography
(e.g. Queloz et al., 2000; Collier Cameron et al., 2010).
1.1. Detecting Exoplanet 3
FIGURE 1.2: The schematics of transiting exoplanet along its orbit. The lower diagram shows the stellar
brightness variation along the time as the exoplanet move along its orbit from before the transit (1),
during the transit (2 and 3) and after the transit (4 and 5).
1.1.3 Timing Variation
When a planet orbiting a pulsar, the arrival time of the pulses to the observer will vary as the
pulsar orbiting the common center of mass due to the limit of the speed of light. This variation
can be used to calculate the mass of the perturber in a similar fashion as the radial velocity
method. Using a similar concept, the mid-transit time of the known transiting planet will also
vary with the time when an additional planet exists due to the gravitational interaction between
them. This effect is called transit timing-variation. For more detail information, please refer to
Miralda-Escudé (2002) and Agol and Fabrycky (2017).
1.1.4 Astrometry
The radial velocity and timing variation method work well when the orbital inclination of the
planet is large enough to allow the radial velocity or the timing variation to be detected by the
instrument. When the planetary system faces on relative to the observer, the exoplanet detection
can be made by precisely observing the variation of the position of the host star as it orbits its
common center of mass (see Figure 1.1 for the illustration of the movement). This technique is
called astrometry. The combination of this technique with the radial velocity technique allows
us to determine the true mass of the companion as the three-dimensional velocity of the star can
be obtained.
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1.1.5 Gravitational Microlensing
When the light from the background star passes a foreground star, the foreground star can act
as a lens causing a transient brightening that can be observed from the Earth. The apparent
brightness of the background star would increase as it apparently moves toward the foreground
star then decrease when it apparently moves away from the foreground star. The light curve
of this brightening would not be smooth if there is a planet orbiting the foreground star, as
the planet would also act as a lens although a weaker one. Through this phenomenon, we can
detect the exoplanet. However, the detection is unrepeatable thus we need multiple facilities to
robustly detect an exoplanet via this method.
1.1.6 Direct Imaging
One of the most challenging exoplanet’s detection method is direct imaging. Just like the name,
we literally try to detect the exoplanet directly by taking a picture of the possible planetary
system (see Figure 1.3) instead of detecting the effect of the existence of the planet around its
host star like the other methods. It is very challenging because the flux contrast of the host star
and the planet is very high, typically at the level of 104 for a young planetary system, and 1010
for a planetary system like our Earth and Sun. Thus one needs to block out the light of the host
star, correct the point spread function of the light source using adaptive optics and reveal the
possible exoplanet around the star by removing the speckle noise using a specific algorithm, for
example ADI (Marois et al., 2006), LOCI (Lafrenière et al., 2007). The direct imaging exoplanet
offers the possibility of direct atmospheric characterization using spectroscopy owing to the fact
that it can be spatially resolved from the host-star (e.g. Konopacky et al., 2013).
1.2 Probing the Atmosphere of Exoplanets
Today, we have detected more than 4000 planets orbiting stars other than Sun in our galaxy,
thanks mostly to the dedicated radial velocity and transit surveys (see Figure 1.4). Not only
that we have a large quantity of the exoplanets that have detected but also now we have moved
from the era of discovery into the era of exoplanet atmosphere characterization. Characterizing
exoplanet atmosphere has huge challenges mostly because the planets are faint and they are
located very close to their relatively very bright host-star. So, most of the exoplanet atmosphere
that have been characterized so far are the atmosphere of hot Jupiters (the group of planets on
the top left in Figure 1.4).
Transiting hot Jupiter offers the possibility of observing its atmosphere. When an exoplanet
transits in front of its host-star relative to the observer on the Earth, its shadow might be bigger at
certain wavelength because the atmosphere is thicker thus the observer on the Earth receives less
stellar flux at this wavelength. The thickness or the transparency of the atmosphere is a function
of wavelength and depends on the chemical composition and the presence of hazes/cloud in
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FIGURE 1.3: The images of HR 8799 planetary system which were made in Keck II telescope in 2009 (c,
L’ band) and 2010 (a, L’ band ; b, Ks band) that have been processed with ADI/LOCI algorithm. This
image was taken from Marois et al. (2010)
the atmosphere. This allows us to constrain the chemical composition of the planet by observing
the variation of the transit depth at multiple wavelengths. This issue will be explained more in
Section 2.2.2 of Chapter 2.
Charbonneau et al. (2002) detected the atmosphere of an exoplanet for the first time using STIS
spectrograph on Hubble Space Telescope in 2002 by comparing the transit depth of the region
of the sodium resonance doublet at 589.3 nm with the transit depth of the other 18 strong stellar
absorption lines. The transit depth in the region of the sodium resonance doublet is deeper than
at the others. This was interpreted that the deeper transit depth is due to the absorption of Na
in the atmosphere of HD 209458b as it was predicted by Seager and Sasselov (1998). In 2005,
Charbonneau et al. (2005) detected a thermal emission from a transiting planet, TrES-1 (Alonso
et al., 2004), by taking secondary eclipse measurement at 4.5 µm and 8 µm using Spitzer Space
Telescope. The detection allows the estimation of the effective temperature of the planet of 1060
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FIGURE 1.4: The cumulative detections per year using various methods. The color represents the de-
tection method. The radial velocity and transit techniques dominate the contribution on the detecting
exoplanets. So far we have detected more than 4000 planets orbiting stars other than the Sun. The
diagram is taken from https://exoplanetarchive.ipac.caltech.edu
± 50 K and a Bond albedo of 0.31 ± 0.14 assuming that the planet is in thermal equilibrium and
emits its energy isotropically.
The hot Jupiters provide us a great astrophysics laboratory not only because it is relatively easier
to do atmospheric characterization but also because a lot of interesting physical phenomena
in their atmosphere that we do not have in our solar system such as super-rotating equatorial
winds, which leads the hottest point on the atmosphere of the planet shifted eastward from the
substellar point (Showman and Guillot, 2002). It is also interesting to investigate if a common
phenomenon in the planets of our solar system, for example, thermal inversion, also exist in the
very different environment like hot Jupiters.
1.3 Thermal Inversion in the Atmosphere of Ultra Hot Jupiter
Thermal inversion is a phenomenon where the temperature of the atmosphere is getting higher
with the altitude instead of getting lower. In our Earth, this thermal inversion layer/stratosphere
exists above the troposphere. This layer exists due to the local heating by ozone (O3). Ozone
absorbs ultra-violet (UV) part of the sunlight preventing it from penetrating deeper to the surface
of the Earth. As a consequence, this layer becomes hotter than the layer above or below it. For the
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FIGURE 1.5: The temperature profile of several solar system planets and Titan at various pressure. The
dotted line is the 0.1 bar pressure indicating the troposphere. For lower pressure/higher altitude, the
temperature is getting higher with the exception of Venus. This figure is taken from Robinson and
Catling, 2014.
life on Earth, this layer is very important, as some part of UV radiation can cause damage at the
molecular level to the living organism on the surface of the Earth. In the solar system planets,
an inversion layer is a common phenomenon as shown in Figure 1.5. For giant planets and
Titan, the photochemistry of methane resulting hazes in the atmosphere that strongly absorbs
the visible light and heat up the atmosphere creating a thermal inversion.
As it is a natural consequence of having a short visible wavelength absorber in the atmosphere,
what about in exoplanets? There were questions if thermal inversion also presents in the close-
in gas giant exoplanets because the high temperature of their atmosphere does not allow the
methane hazes or the ozone to exist. However, high-temperature absorber molecules, such as
TiO or VO, were proposed by Hubeny et al. (2003) and Spiegel et al. (2009) to be the cause of
thermal inversion in the atmosphere of a highly irradiated gas giant planet as they can exist in
the gas phase even at a very high temperature (T ∼ 1800 K). These molecules are commonly de-
tected in the spectra of M-dwarfs and have strong features. TiO and VO in the gas phase absorb
the short visible wavelength radiation from the incoming stellar radiation and heat the upper
atmosphere. Parmentier et al. (2015) explained that the absorption alone could not explain the
inversion in the hot Jupiter, but the presence broadband absorption of TiO, which is in between
Rayleigh scattering in the short wavelength and water absorption in the near-infrared, increase
the grayness of the atmosphere thus reducing the cooling efficiency of the upper atmosphere,
creating thermal inversion and cooling down the deeper atmosphere.
The importance of the opacity of TiO and VO in the gas phase was highlighted by Fortney et al.
(2008). Using one-dimensional radiative-convective equilibrium model atmosphere, they divide
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the hot Jupiter into two classes based on whether their temperature. The planets that have warm
enough atmosphere to allow the TiO/VO to be in the gas phase are classified as pM class, and
for those that are not warm enough are classified as pL class borrowing the spectral class for
relatively cold stars. Several important characteristics of the pM class planets are: the red part of
the optical spectrum would be dominated by the emission features of TiO/VO, the hot thermal
inversion layer makes the pM class planet appear very bright in the mid-infrared; the sub-stellar
point should be the hottest point on the atmosphere of this planet because it received the most
flux from its host-star thus there might be small to negligible shift of its maximum phase curve
from the time when the day-side is fully faced on to the observer; a large day/night temperature
difference. While for pL class planets: the optical spectrum is dominated by absorption features
of Na and K, the day/night temperature contrast might be small.
The presence of TiO in the gas phase at the upper atmosphere plays an important role in our
understanding of the chemical processes in the atmosphere and the thermal evolution in the
long-term for the hot Jupiter, thus it is really important to prove the existence of TiO in the
atmosphere of hot Jupiters to extend the study of weather in the extra-solar planets.
1.4 The Evidence of Thermal Inversion and TiO?
The presence of thermal inversion allowing several molecules to emit emission feature in the
spectrum of the exoplanet which is observable in the planetary emission spectrum (Fortney et
al., 2008). The first evidence of inversion layer was reported by Knutson et al. (2008) in the
atmosphere of HD 209458 b. It was shown by flux excess in 4.5 µm and 5.6 µm band compared
to the black body continuum in the nearby band (3.6 and 9 µm) using the Spitzer Space Telescope
(Spitzer). This excess was interpreted to be caused mainly by the emission feature of H2O and CO
(see Figure 1.6) as a result of having a thermal inversion in the atmosphere. While the secondary
eclipse depth of several other exoplanets has been measured using Spitzer suggested atmosphere
with thermal inversion, these observations only rely on the detection of the emission of CO at 4.5
µm using the broadband photometry of Spitzer (e.g. TrES-2b (O’Donovan et al., 2010), HAT-P-
1b (Todorov et al., 2010), HAT-P-7b (Christiansen et al., 2010)). Broadband photometry average
over molecular features thus this photometry alone does not allow a robust detection of specific
molecular emission feature. After all, it was shown by Hansen et al. (2014) that several previous
single-transit observations using Spitzer have significantly higher uncertainties than previously
known, which made the measured emission-like features doubtful. Diamond-Lowe et al. (2014)
improved the secondary observation for this planet by having more data points and used more
sophisticated data reduction technique that more accurately account for intra-pixel sensitivity
and stellar centroid variation (see Figure 2 in Diamond-Lowe et al., 2014), and remove the time-
correlated noise better. They found that the previous flux measurement in the 4.5 µm and 5.6 µm
band by Knutson et al. (2008) has been overestimated (see Figure 1.6. Based on their retrieval
using their improved data, the corrected fluxes were found to be better fitted with the non-
inversion model spectrum.
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FIGURE 1.6: The retrieval result for the Diamond-Lowe et al. (2014) data and the Knutson et al. (2008)
data. The estimated eclipse depths by Diamond-Lowe et al. (2014) are shown by black diamonds with
error bar while for those by Knutson et al. (2008) are shown by grey diamonds with error bar. The left
panel is the best fit thermal emission spectrum to the Diamond-Lowe et al. (2014) data (red) and Knutson
et al. (2008) data (blue), while the right panel is the temperature profile based on the retrieval result.
The red and blue circle are the retrieved spectra integrated over the Spitzer bandpasses. The response
function of the Spitzer bandpasses is shown by dotted line. This figure is taken from Diamond-Lowe
et al., 2014.
Meanwhile, Haynes et al. (2015) claimed the detection of stratosphere in the day-side emission
spectrum of WASP-33b by using space-borne low-resolution spectrograph (WFC3/HST). They
used the WFC3 data as well as the Spitzer data at 4.5 µm and fitted with three model category
which are an inversion spectrum model by including the TiO and VO to the atmospheric model
at their solar abundance composition, a non-inversion model by assuming the TiO and VO are
not present in significant quantities and a model with isothermal temperature profile which
result in featureless blackbody spectrum profile. Figure 1.7 showed the observed data with
three types of best fit spectrum models. As we can see, the best fit model to explain all data
points is the inversion model. The data point at 4.5 µm is interpreted as the emission of CO.
While the data points of WFC3 is best explained with the emission of features of H2O thus offer
the evidence of stratosphere. However, the non-inversion model can also explain most of the
data points well. The difference is only at the 4 data points: at z′ band, 2 bluest points from the
WFC3 data, and at 4.5µm Spitzer data. For the inversion model, the 4.5µm Spitzer data point is
interpreted coming from the emission of CO. They also showed that not only thermal inversion
is needed to explain the data but also TiO/VO. Figure 1.8 shows the observed data with the
three inversion model spectra. When the TiO is excluded from the model (blue), the model fits
poorly to the z′ band and the 5 bluest WFC3 data points. But, due to the inability to resolve
the suspected TiO emission feature, the existence of TiO in the atmosphere of WASP-33b is not
concluded.
As Schwarz et al. (2015) have shown, the high-resolution spectroscopy can be used to constrain
the temperature profile of the atmosphere (see Figure 1.9). High-resolution spectroscopy can
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FIGURE 1.7: The left panel shows the observed data of WASP-33b and the best fit model from three cat-
egories of model spectrum. The data from WFC3/HST are shown by the green square in the 1.1-1.7 µm
range. The other green data points are from the ground-based telescope (z′band and Ks band) and from
Spitzer (at 3.6 and 4.5 µm). The solid lines are the best fit spectrum model from three categories: inversion
model (red), non-inversion model (blue) and isothermal temperature model (gray). The colored circles
show the models binned at the same resolution as the data. Two blackbody spectra with temperatures of
1600 and 3800 K are shown by the gray dotted lines. The right panel is the corresponding temperature
profiles. This figure is taken from Haynes et al., 2015.
resolve molecular features into its individual lines. The profile of these individual lines depends
on the temperature profile of the atmosphere. If the temperature of the atmosphere is decreasing
with the decreasing of the pressure, the thermal emission spectrum would have absorption lines
feature (the first and second row of Figure 1.9). While if the atmosphere has a thermal inversion
layer, the thermal emission spectrum would have emission lines feature (the third and fourth
row of Figure 1.9).
The observed exoplanet spectra can be extracted by cross-correlating it with the model spectrum.
The true continuum profile of the exoplanet spectrum is removed during the analysis so there is
a degeneracy between the abundance and the atmospheric temperature profile but the constraint
of inverted or non-inverted atmospheric profile is not affected by this. Using this advantages,
Schwarz et al. (2015) observed the day-side of HD 209458 b using the CRyogenic high-resolution
InfraRed Echelle SPectrograph (CRIRES Kaeufl et al., 2004) in the Very Large Telescope (VLT),
and reported the non-detection of CO at 2.3 µm and constrained the nonexistence of the inver-
sion layer in the pressure range of 10−1–10−3 bar, which is consistent with the results by Zellem
et al. (2014) and Diamond-Lowe et al. (2014). Despite the non-detection of CO in the day-side
of HD 209458 b, Snellen et al. (2010) detected a CO absorption feature at 5.6-σ using a similar
instrument in the transmission spectrum. One of the possible causes of the non-detection is that
the average day-side atmosphere of HD 209458 b is near-isothermal in the pressure range that
they probe, which makes the day-side spectrum almost featureless (Schwarz et al., 2015).
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FIGURE 1.8: Observed and model spectra of WASP-33b for inversion model only. The observed data
points are shown by the green circle and green square. The red line is the best fit inversion model
including TiO and H2O, the blue line is the inversion model without including TiO in the opacity cal-
culation, while the gray line is the inversion model without including the opacity of both TiO and H2O.
This figure is taken from Haynes et al., 2015.
More convincing evidence of thermal inversion and TiO were published when the paper of the
high-resolution spectroscopic detection of TiO and stratosphere on the day side of WASP-33b
was being written (Nugroho et al., 2017). Evans et al. (2017) reported the detection of H2O emis-
sion feature in a super-hot Jupiter, WASP-121b (Teq ∼ 2500 K), using the combination of HST
and Spitzer. The presence of water was resolved and detected at 5-σ confidence level, strength-
ening the previous conclusion by Evans et al. (2016), which made WASP-121b the first exoplanet
with resolved emission features and detected stratosphere layer. Their findings also include the
possible detection of VO in its atmosphere at the level of 1000x solar abundance, and a ther-
mal inversion-like atmospheric structure, even though they only used a 1D atmospheric model
structure and did not take the non-equilibrium chemistry into account. Sedaghati et al. (2017)
observed WASP-19b during transit using a low-dispersion spectrograph, FORS2, on VLT. They
confirmed the presence of water (7.9-σ) and simultaneously revealed the presence of TiO (7.7-σ),
strongly scattering haze (7.4-σ) and sodium (3.4-σ). None of both results give evidence of simul-
taneous detection of TiO and thermal inversion thus whether or not TiO can explain thermal
inversion still remains a question.
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FIGURE 1.9: The high-resolution spectroscopy analysis of an atmospheric model with the temperature
profile. The left panel is the high-resolution CO model spectra before convolution to CRIRES resolution
for two wavelength order. The first row has strong and narrow absorption lines resulting from the
atmospheric model with an adiabatic lapse rate and a CO VMR of 10−4.5. The second row has broad
absorption lines resulting from the atmosphere model without thermal inversion, the third row has
emission lines at the center of the broad absorption lines resulting from the weak inversion atmosphere,
and the fourth row has strong emission lines with a very weak absorption feature in the wing part
resulting from the strong thermal inversion atmosphere model. The middle panel is the line profile of
CO line centered at approximately 2.3205 µm before (solid line) and after (dashed line) convolution to
CRIRES resolution. The right panel is the corresponding temperature profile. This figure is taken from
Schwarz et al., 2015
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1.5 Problems with the Previous Attempts on Detecting Inver-
sion and TiO
Despite the theoretical predictions and observational attempts to detect inversion and TiO in
the atmosphere of hot Jupiter, there was no compelling evidence of their existence. The non-
detection of TiO/VO and thermal inversion can be caused by several factors. For some moderate
hot Jupiter, e.g. HD 209458b, the temperature of the atmosphere at some pressure might be
lower than the condensation temperature of TiO/VO. Due to the gravitational settling, TiO/VO
gas could be transported to the lower part of the atmosphere. If the temperature of the lower
atmosphere is below the TiO/VO condensation level, then the TiO/VO gas can condensate into
the solid phase (see Figure 1.10). These condensates can be transported back to the upper part of
the atmosphere if the vertical mixing rate is high enough as the TiO and VO are heavy molecules.
When the vertical mixing rate is not high enough, this mechanism will remove TiO/VO gas from
the upper atmosphere and as a result, there would be no inversion layer. This effect is called the
’vertical cold-trap effect’ (Hubeny et al., 2003; Spiegel et al., 2009).
FIGURE 1.10: TiO cold trap in the temperature profile model for HD 209458 b for two mixing ratios of
TiO: 0.4x solar TiO (dashed) and 1x solar TiO (solid). The condensation curves of TiO for corresponding
mixing ratio is shown by blue dashed and solid lines. The magenta color represents the location where
the TiO in the gas phase, while the cyan color is where the TiO in the condensed phase. For solar TiO,
the atmosphere only has one cold trap, but for 0.4 solar TiO, the atmosphere has two cold traps. This
figure is taken from Spiegel et al., 2009.
For ultra hot Jupiter which the temperature of the day-side is above the condensation tempera-
ture of TiO at all pressure, the so-called day-night cold trap can also remove the gas phase of TiO
from the upper atmosphere of the day-side (Spiegel et al., 2009; Parmentier et al., 2013). Owing
to high-speed winds of the tidally locked hot Jupiter, the molecules in the day-side atmosphere
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can be transported to the night side. When the temperature of the night side is cold enough, the
transported TiO gas turns into condensates. If the growth timescale plus the free fall time scale
of these condensates exceeds the timescale for the jet to cross the night side, then the TiO gas
will remain in the upper atmosphere thus allowing the thermal inversion layer to existing.
Another scenario is there might be a possible connection between the UV chromospheric stellar
activity and the existence of an inversion layer in the atmosphere of known hot Jupiters. Knut-
son et al. (2010) found that hot Jupiters orbiting active stars tend to have no inversion layer and
those orbiting quiet stars showed evidence of the existence of an inversion layer in their atmo-
sphere. They suggested that the increased UV intensity can probably destroy the compounds
that are responsible for creating an inversion layer. But we might need to be careful interpreting
the connection as this was found using the data of Spitzer before the improvement of the data
reduction algorithm (e.g. by Diamond-Lowe et al., 2014).
The challenges of interpreting broadband photometry and low-resolution spectroscopy are the
fitting process usually only involving a narrow parameter space and heavily model dependent.
It is easier to constrain an inversion atmosphere for certain planet assuming chemical and radia-
tive equilibrium while in reality, it might not be the case (Madhusudhan et al., 2014). Usually,
the assumption of uniform vertical distribution of chemical abundances is used while this might
be not true for ultra hot Jupiter where the thermal dissociation start to affect the composition of
molecules (e.g. H2O, TiO) at low-pressure (Parmentier et al., 2018). Moreover, one should make
sure to include the opacity of all possible sources so that the interpretation of the observed data
would not be misleading. For example, the weak emission feature of H2O in the day-side ther-
mal spectrum of hot Jupiter can be interpreted as an evidence of high C/O ratio. However, the
inclusion of H− opacity can reduce the strength of H2O feature at 1.4 µm (Lothringer et al., 2018).
This shows that H− opacity is very important for interpreting near-infrared data especially for
the WFC3/data and might explain the weak feature of H2O seen in the observed WASP-33b data
by Haynes et al. (2015). While from the observational point of few, unknown systematics can
introduce some variation in the unresolve observed data that might mislead the interpretation
of the data as it was shown by Diamond-Lowe et al. (2014) for Spitzer data, and possibly the
reddest part of WFC3 data as shown by (Parmentier et al., 2018).
Meanwhile, Hoeijmakers et al. (2015) reported non-detection of TiO in the transmission spec-
trum of HD 209458b using the data taken with High Dispersion Spectrograph on Subaru tele-
scope. While analyzing the result, they found out that this non-detection is actually due to the
inaccuracy of the TiO line list that was used at wavelengths shorter than 6300 Å. They found
this by comparing the TiO model with the PHOENIX model, and TiO model with the observed
spectrum of Barnard’s star. The TiO model can produce a nice cross-correlation signal when it
is compared with the PHOENIX model, but it could not produce any appreciable signal when
it is compared with the observed spectrum. The accuracy level, however, tends to increase for
longer wavelength (see Figure 1.11).
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FIGURE 1.11: The inaccuracy of TiO line list shown by the cross-correlation result of TiO model spec-
trum with PHOENIX model and Barnard’s star spectrum. When comparing TiO model spectrum with
PHOENIX model, the cross-correlation signal appears at every order. But when the TiO model spec-
trum is compared with Barnard’s star spectrum, the cross-correlation signal only appear for wavelength
longer than 630 nm. This figure is taken from Hoeijmakers et al., 2015.
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1.6 Aims and Outline
This thesis focuses on the searching for TiO signature in the atmosphere of hot Jupiter and solves
if it is the responsible molecule for the thermal inversion layer in the hot Jupiter using high-
resolution spectroscopy. The reason for using high-resolution spectroscopy is to tackle the tech-
nical problems that have been explained in Section 1.5. By using high-resolution spectroscopy,
we are not required to fully model the atmosphere of the exoplanet to detect the signature of
molecules. By observing the exoplanet during its orbit, the planet spectrum at high-resolution
combining with the variation of the Doppler shift makes the detected signal would be very hard
to reproduce by chance thus allowing a robust detection.
In this thesis, I focus on the two well-known hot Jupiters: WASP-33b and HD 209458b. Both hot
Jupiters are in the northern hemisphere and the host stars are relatively bright for Subaru tele-
scope to obtain the required signal to noise ratio. Moreover, WASP-33b provides a great chance
to find TiO as it is the second hottest hot Jupiters that we have known thus lowering the prob-
ability of the existence of vertical TiO cold-trap to minimum, reducing the contrast level of the
flux of planet and the star, and because the host star is fast rotator A-type star, the contamination
of stellar line is minimum. For HD 209458b, I would like to reinvestigate the existence of TiO in
its atmosphere by doing transmission spectroscopy in the wavelength range where the TiO line
list is accurate enough. As HD 209458b is one of the most well-characterized exoplanets, this
constraint would be an important complement in the effort of understanding the atmosphere of
hot Jupiter and explaining the suspected 6250 Å feature observed by Désert et al. (2008) using
STIS/HST.
This thesis is structured as follows, in Chapter 2, the methodology of this research is explained,
this includes a short review on the characterization of exoplanet atmosphere using high-resolution
spectroscopy is explained in section 2.1. In Section 2.2, the modeling of the exoplanet spectrum
is explained. Section 2.2.1 and section 2.2.2 will explain about the modeling of emission spec-
trum and the transmission spectrum of the exoplanet respectively. The calculation of the optical
depth using PyCATS will be explained in the section 2.2.3.
Chapter 3 presents the detection of TiO in the day-side of WASP-33b using high-resolution spec-
troscopy technique. This is mostly based on the published work of Nugroho et al. (2017). Chap-
ter 4 presents the reinvestigation of the transmission spectrum of HD 209458b. Then Chapter 5
gives an outlook based on these two projects and the future prospect of this research.
17
Chapter 2
Methodology
FIGURE 2.1: The framework of this thesis in extracting the molecular signature in the exoplanet spectrum
The framework of this thesis is illustrated by the Figure 2.1. There are three main blocks of the
framework: the reduction of observational data, the modeling of the exoplanet spectrum, and
the cross-correlation analysis. The observational data was taken using High Dispersion Spec-
trograph (HDS Noguchi et al., 2002) on a ground-based 8-m class telescope, Subaru telescope,
for both exoplanets. The standard data reduction is begun with the removal of the overscan re-
gion, correction of the non-linear effect, and removal of the scattered light. Then along with the
fringe correction, the 1-dimensional summed-up version of the spectra was extracted and the
wavelength was calibrated. The detailed version of the standard reduction and the correction of
blaze function variation and the correction of the wavelength shift are explained in Chapter 3.
The telluric and stellar lines removal using SYSREM as a part of the observational data reduc-
tion is explained in the Section 2.1.2. Then, extracting the exoplanet spectrum would be done by
cross-correlating with the spectrum model which is explained in the Section 2.2.
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2.1 High-resolution Spectroscopy for Characterizing Exoplanet
Atmosphere
2.1.1 A Short Review
FIGURE 2.2: TiO spectrum model of WASP-33b at the different spectral resolution in the red edge of
optical wavelength range. The spectral resolution for each color line is written in the legend box. The
highest spectral resolution (R= 165,000) represents the spectral resolution of the instrument that is used
in this thesis, HDS on Subaru telescope. The lower the spectral resolutions the lower the strength of the
TiO lines. At R= 500, the individual lines are unresolved, instead only the molecular bands are resolved.
One of the most reliable methods to characterize exoplanet atmosphere is using high-resolution
spectroscopy. Unlike low-resolution spectroscopy, high-resolution spectroscopy able to resolve
molecular bands into individual absorption lines which allows unambiguous detection of spe-
cific molecular signature in the spectrum exoplanet (e.g Snellen et al., 2010; Birkby et al., 2013;
de Kok et al., 2013; Hoeijmakers et al., 2015; Schwarz et al., 2015; Birkby et al., 2017; Esteves
et al., 2017; Nugroho et al., 2017). Figure 2.2 illustrates different spectral resolution (R) of the
spectrum of WASP-33b assuming only from the contribution of TiO gas only in solar abundance
(log VMR= -7). At R= 500, only the TiO molecular bands can be seen. For higher spectral res-
olution, the molecular bands are resolved into the individual lines. Notice that the higher the
spectral resolution, the stronger the strength of the individual lines. This shows that the spectral
resolution is one of the important factor determining the strength of the signal. Owing to these
resolved individual lines, it is also possible to investigate several physical parameters of the ex-
oplanet such as the axial tilt through the Doppler shift excess of the spectrum of the exoplanet
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near first and or third quarter phase (Kawahara, 2012), the projected equatorial rotational veloc-
ity and wind velocity through the Doppler broadening of the line profile (Snellen et al., 2014;
Brogi et al., 2016), the temperature profile of the atmosphere (e.g Schwarz et al., 2015), etc.
Spectroscopic observation of spatially unresolved exoplanet using a ground-based telescope not
only is suffered by the contamination of telluric absorption lines but also stellar lines. Moreover,
the planet-to-star flux contrast for hot Jupiter is less than 10−3 thus making it difficult to extract
the exoplanet spectrum alone without removing the telluric and stellar lines. The traditional
approach to removing the telluric lines is to model it by observing telluric standard A-type star
simultaneously with the science target. But when the telluric standard star is not in the field of
view of the spectrograph, taking it before and/or after the science frame would waste precious
observational time, because we would like to get the signal to noise (S/N) of exoplanet spectrum
as high as possible.
The spectrum of the exoplanet is Doppler shifted according to its observed radial velocity. As
the exoplanet orbiting its host star, the observed radial velocity of the planet follows:
RVp(t) = Kp sin(2piφ(t)) +Vsys (2.1)
with Kp is the orbital velocity of the planet, φ is the orbital phase of the planet at time t, and Vsys
is the systemic velocity. The planet spectrum is then Doppler shifted as
RVp
c
=
λobs − λ0
λ0
(2.2)
where c is the speed of light, λobs is the observed wavelength, λ0 is the wavelength at the rest
frame. For example, if we observe Earth-like planet orbiting Sun-like star in the optical wave-
length range probing O2 lines (e.g. at ∼ 7600 Å), the spectrum of the planet will be Doppler-
shifted for 0.76 Å at maximum (the maximum observed radial velocity of this planet is 30
km/s assuming circular and edge on orbit). Using HDS with its highest spectral resolution
(R= 165,000, the sampling is 0.023 Å per pixel at 7600 Å), this shift will be observed on the data
as 33 pixels, which is a large shift. But the signal of the exoplanet for a single exposure is still
very weak, so we need to combine enough exposures.
When a time-series of high-resolution spectroscopy is performed, the variation of Doppler shifts
caused by the orbital movement of the planet allows us to distinguish absorption/emission lines
in the exoplanet spectrum from telluric and stellar lines. This is illustrated in Figure 2.3 where
the TiO model spectrum of WASP-33b is injected according to its expected radial velocity for
each phase to the HDS data of WASP-33. The black feature is the telluric absorption lines, while
the white feature is the TiO emission lines model of the WASP-33b atmosphere. The spectrum
of WASP-33b is Doppler shifted according to its radial velocity while the telluric and the stellar
lines remain stationary in the wavelength space during the observation. It might be difficult
to notice from Figure 2.3, the shape (depth and width) of the telluric lines changes following
the changes in air mass, water vapor column level (for water absorption feature), seeing, in-
slit position, the performance of adaptive optics (if using it), and etc during the observation.
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FIGURE 2.3: The toy model of TiO emission lines in the spectrum of WASP-33b during 0.2–0.52 orbital
phase. The color scale represents the normalized flux of the spectrum. The dark vertical feature is the
telluric absorption lines, while the white feature is the planetary emission lines. The white horizontal
dashed line is to show when the planet begins to ingress behind the host star, secondary eclipse phase.
The spectrum of the planet is moving in wavelength due to the orbital movement around its host star
allowing it to be distinguished from the telluric and stellar lines. Note that the strength of the exoplanet
spectrum has been greatly enhanced for illustration purpose.
This variation per wavelength bin can be modeled and subtract it from the data to remove the
telluric lines. It can be done using a special algorithm to search for the common mode for each
wavelength bin in the spectrum during the observation after aligning the spectrum into the
common wavelength grid.
Assuming the telluric and stellar lines can be removed perfectly, the S/N of the extracted exo-
planet spectrum would follow (Snellen et al., 2015)
S/N =
Sp
√
Nlines√
Ss + σ2Bkg + σ
2
RN + σ
2
DN
(2.3)
where Sp is the signal of the exoplanet, Sstar is the signal of the host-star, and σBkg, σRN , σDN
is the background noise of the sky, the readout noise, and the dark noise respectively. Nlines
is the enhancement factor which is given by the number and the strength of the absorption or
emission lines in the observed exoplanet spectra in particular wavelength range. The detection
significance for the individual line is very low, so to make the significance of the detection high
enough, the signal from all available lines in the observed wavelength range can be combined by
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cross-correlating the residual from the telluric and stellar lines removal step with the exoplanet
spectrum model. The total cross-correlation signal can be calculated by stacking the signal from
every exposure at the planet rest-frame.
2.1.2 Telluric and Stellar Lines Removal using SYSREM
As explained in the §2.1.1, the exoplanet spectra are Doppler shifted during the observation but
telluric and stellar lines are relatively stationary in wavelength and only varies in their flux.
The most dominant cause of this is the airmass variation which affects the equivalent width of
the telluric lines. In this thesis, we use SYSREM or SYStematic REMoval algorithm proposed by
Tamuz et al. (2005) which usually used to remove the systematic in the light-curves data. In the
time-series high-resolution spectroscopy data, SYSREM treats each wavelength bin as a light-
curve and removes the common mode among all of the wavelength bin. Because the exoplanet
spectrum moves in wavelength during the observation, it would not be recognized as a common
mode in the wavelength bin for the first several iterations.
As in Tamuz et al. (2005), the common mode in the wavelength bin can be removed by fitting a
linear functions (bλxn) to the flux of the spectrum of each of the wavelength bin (Sλn), where λ
is the wavelength bin and n is the frame number/observation time. The key is finding the two
sets of so called "effective extinction coefficients" (bλ) and "effective air mass" (xn) that optimally
describe the flux variation in each wavelength bin (λ) along the time of the observation (n). By
taking the observed air mass as the first input of x, we search for the optimized bλ that minimizes
R2λ =∑
n
(Sλn − bλxn)2
σ2λn
(2.4)
where the σ is the uncertainty of pixels λn calculated by taking the root sum square of the
standard deviations of along the wavelength bin and the frame number/time. Then, bλ can be
estimated by
bλ =
∑n
(
Sλnxn/σ2λn
)
∑n
(
x2n/σ2λn
) (2.5)
By using the estimated bλ, the xn can be calculated by minimizing
R2n =∑
λ
(Sλn − bλxn)2
σ2λn
(2.6)
which gives
xn =
∑λ
(
Sλnbλ/σ2λn
)
∑λ
(
b2λ/σ
2
λn
) (2.7)
This ”criss-cross” process should be iterated until the value of bλ and xn does not change more
than a specified tolerance value. The final value are named as ”optimized coefficient” (bˆλ), and
the ”optimized air mass” (xˆn). Note that bˆλ xˆn does not actually represent the real extinction
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coefficient and air mass even for the first iteration, but only represent a linear systematic effect
as a function time (or frame number) per wavelength bin.
The so called ”optimized air mass” and ”optimized coefficient” in principle only represents
the first order of common mode/systematic effect that existed in the data. To remove the first
common mode ((1)), we can simply subtract it from each wavelength bin of the data
S(1)λn = Sλn − bˆ(1)λ xˆ(1)n (2.8)
At this point, the first common mode has been removed (S(1)λn ); then to remove the second com-
mon mode, a similar calculation should be performed for the S(1)λn .
The second common mode is estimated by finding b(2)λ , x
(2)
n that minimize
R2λ =∑
n
(
S(1)λn − b(2)λ x(2)n
)2
σ2λn
(2.9)
Then by performing this for several time, the telluric and stellar lines can be removed "blindly"
without assuming any parameter.
One should be aware that even though the absorption or emission feature of the exoplanet does
not remain stationary in wavelength during the observation, at some point it can be detected as a
common mode by SYSREM. Therefore, it is important to evaluate the process by injecting a weak
artificial signal (so that it would not introduce any new noise) that almost similar to the expected
exoplanet spectrum, run the SYSREM to find several common modes, and then evaluate it until
how many common modes the SYSREM begin to remove the signal of the exoplanet.
2.2 Modeling Theoretical Exoplanet Spectrum
The exoplanet spectrum is still buried under the noise even after the removal of the telluric
and stellar line, due to its low S/N per exposure. Extracting the information of the exoplanet
spectrum from the residual can be done by cross-correlating it with the spectrum that we are
familiar with, the theoretical spectrum template, and combine the signal from all of the exposure
at the planet rest frame. Therefore, it is important to model the spectrum as precise as possible.
In this section, the modeling of theoretical exoplanet spectrum is explained.
WASP-33b and HD-209458b were observed using two different techniques. WASP-33b was ob-
served using emission spectroscopy technique to probe the day-side of its atmosphere. The very
high temperature of the day-side of WASP-33b (Tday= 3400 K) is one of the factors that make
its planet-to-star flux contrast to be high enough to allow emission spectroscopy in the optical
wavelength range from a ground-based telescope. The temperature of HD-209458b is relatively
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too low to allow emission spectroscopy technique using current facility so instead, it was ob-
served using transmission spectroscopy technique to probe the atmosphere at the terminator, a
region between day and night side.
Section 2.2.1 explains how the emission spectrum from the day-side of an exoplanet is modeled.
Section 2.2.2 explains the transmission spectroscopy of transiting exoplanet and how to model
the transmission spectrum. Then the calculation of the optical depth using Py4CATS that is used
for the exoplanet spectrum modeling is explained in the Section 2.2.3.
2.2.1 Planetary Thermal Emission Spectrum
The atmosphere of a planet receives and absorbs irradiation energy from its host star. It is the
most dominant energy source for a close-in planet. As the energy is absorbed and converted
into heat, the heat is transferred into space through thermal radiation. As the thermal radia-
tion travels outward to the planetary surface, it interacts with the molecules and atoms in the
atmosphere and heats up the surrounding area.
For this thesis, we used 1D plane-parallel approximation for the radiative transfer model, as-
suming the only emission with no scattering of photons and LTE atmosphere. The radiative
transfer equation for this approximation is given by
µ
dI(τν, µ, ν)
dτν
= I(τν, µ, ν)− S(τν, µ, ν), with µ = cos θ (2.10)
where θ is the angle between the surface normal and the beam of intensity, ν is the frequency of
the radiation, τν is the optical depth at a given frequency ν and S is the source function at optical
depth τν.
The solution for this radiative transfer equation can be obtained by integrating it from the deep
atmosphere (τνdeep ) until the top of the atmosphere (τνtop = 0) with the help of integrating factor
e−
τν
µ which gives
I(0, µ, ν) = I(τνdeep , µ, ν) e
−
τνdeep
µ +
1
µ
∫ τνdeep
0
S(µ, ν, τν) e
− τνµ dτν (2.11)
The optical depth in the deep atmosphere is set to be infinity for a gas giant planet. For ther-
mal emission calculation which assume no scattering, the source function is equal to the Planck
function ( S(µ, ν, τν) = B(ν, τν) ) then equation 2.11 becomes
I(0, µ, ν) =
1
µ
∫ ∞
0
B(ν, τν) e
− τνµ dτν (2.12)
24 Chapter 2. Characterization of Exoplanet Atmosphere
Integrating equation 2.12 for the whole day-side of the planet assuming that the atmosphere is
homogeneous in latitude and longitude gives the emergent flux at a given frequency (Fp(ν))
Fp(ν) = 2piR2p
∫ µ=1
µ=0
I(0, µ, ν)dµ
Fp(ν) = 2piR2p
∫ µ=1
µ=0
∫ ∞
0
B(ν, τν) e
− τνµ dτνdµ (2.13)
where Rp is the radius of the planet.
2.2.2 Transmission Spectrum of Transiting Exoplanet
FIGURE 2.4: Schematic model of transmission spectroscopy of a transiting exoplanet. The stellar light
before passing the atmosphere of exoplanet at a given frequency is I0(ν). The emergent stellar light after
passing through the optically thin atmosphere is I0(ν)e−τchord,ν . Rp is defined as the radius of the planet
when the atmosphere becomes optically thick, r is the altitude above the Rp, while s is the distance of
the of the light travels through the atmospheric chord.
As explained in the Chapter 1, the first exoplanet, 51 Peg b, orbiting Sun-like star was discovered
in 1995. But this discovery did not allow us to probe its atmosphere because the planet-to-star
flux contrast is too low to be able to perform emission spectroscopy using the technology at that
time and neither transmission spectroscopy because 51 Peg b is not a transiting exoplanet. Then
the first transiting exoplanet, HD 209458b, was discovered in 2000. Transiting planet gave us a
great chance to test all of our understanding about the atmosphere of the planet.
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FIGURE 2.5: The light curve of the host-star as a function of time and wavelength. As the planet transit
in front of the host star, the flux that is received on the Earth is slightly reduced. This reduction is called
transit depth. This transit depth depends on the square of the planet-to-star radius ratio. At certain
frequency, the transit depth is deeper (D(ν2)) than in the other (D(ν1)) because the atmosphere of the
planet is more opaque so that less stellar light could pass through the atmosphere of the exoplanet.
The schematic geometry of stellar light passing through the exoplanet atmosphere is illustrated
in Figure 2.4. When an exoplanet is in front of its host-star relative to the Earth, the stellar light
(I0(ν)) passes through to the optically thin atmosphere of the planet. As the stellar light passes
through the so-called "atmospheric chord", the molecules and the atoms in this atmospheric
chord attenuate the light by e−τchord,ν through absorption and/or scattering. As a result, the
emergent stellar light after passing through the exoplanet atmosphere becomes I0(ν)e−τchord(ν,r),
where τchord(ν, r) is the optical depth of the chord at r distance for certain frequency ν.
In practical, we might observe the exoplanet from before the transit event until after or dur-
ing the transit. This is illustrated in Figure 2.5. As the planet in front of the host star, the ob-
served stellar light decreases because of the shadow of the planet. This decrease is caused by the
opaqueness of the exoplanet atmosphere. At certain radius, the atmosphere of the planet is thick
enough to block the entire stellar light, which is shown by Rp in the Figure 2.4 and a black circle
in the Figure 2.5. But larger than that radius the opacity of the atmosphere is low enough to allow
some part of the stellar light passes through the atmosphere. At certain wavelength/frequency,
the atmosphere is more opaque than others, which is shown by D(ν1), and D(ν2). The opacity
of the atmosphere depends on the chemical composition of the atmosphere its self and is wave-
length dependent. Thus, constraining the chemical composition of the atmosphere of transiting
exoplanet can be done by observing the transit depth at multiple wavelengths and compare it
with the model. This technique is called transmission spectroscopy.
Assuming that the stellar light rays that are passing through the exoplanet atmosphere are par-
allel and the star and the planet are circular, the transit depth at frequency ν can be calculated as
the ratio of the stellar flux during (Fstransit ) and outside the transit (Fsoutside−transit ):
D(ν) =
Fsoutside−transit(ν)− Fstransit(ν)
Fsoutside−transit(ν)
(2.14)
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where the disk-integrated stellar flux during and outside the transit is given by
Fsin−transit =
∫ Rs
0
I0(ν)e−τchord(r,ν)2pi rdr (2.15)
Fsout−transit =
∫ Rs
0
I0(ν)2pi rdr (2.16)
Substituting these to the equation 2.14 gives
D(ν) =
∫ Rs
0 I0(ν)2pi rdr−
∫ Rs
0 I0(ν)e
−τchord(r,ν)2pi rdr∫ Rs
0 I0(ν)2pi rdr
D(ν) =
∫ Rs
0 (1− e−τchord(r,ν))rdr∫ Rs
0 rdr
(2.17)
As it was previously explained, from r = 0 to r = Rp the planet is opaque to the coming stellar
light (τchord = ∞) for all wavelength range. While for Rp < r < Rp + Ha, the flux of the
emergent stellar light is determined by the transparency of the atmosphere, where Ha is the
height of the atmosphere. For r > Rp + Ha, the stellar light is already not attenuated by the
atmosphere (τchord = 0). Considering all of these factors, we may write equation 2.17 to
D(ν) =
(
Rp
Rs
)2
+
∫ Rp+Ha
Rp (1− e−τchord(ν,r)) rdr
R2s
(2.18)
The first part of the right-hand side of equation 2.17 is the wavelength independent transit depth
that the observer should observe which is only contributed by the fully opaque part of the planet,
while the second part is the wavelength dependent transit depth that is contributed by the at-
mosphere opacity.
To calculate the transit depth as a function of wavelength, we need to compute the optical depth
of the atmospheric chord. Assuming that the chemical composition of the atmosphere is homo-
geneous for similar altitude, the optical depth of the atmospheric chord, τchord(r, ν), is defined
as
τchord(r, ν) = 2
∫ ∞
0
σ(r, ν)N(r) ds (2.19)
where σ(r, ν) and N(r) is the absorption cross-section at frequency ν and the number density of
the considered molecule at altitude r respectively. ds is the line element along the line of sight
or the distance that the stellar light propagates along the line of sight. Based on the Figure 2.4, s
can be calculated as
s2 = (Rp + rc)2 − (Rp + r)2 (2.20)
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by taking the differential of the above equation for a given r gives
ds =
(Rp + rc) drc√
(Rp + rc)2 − (Rp + r)2
(2.21)
substituting this to the equation 2.19 gives
τchord(r, ν) = 2
∫ r
0
wc(r) σ(r, ν) N(r) drc (2.22)
where wc(r) is called chord weight, which is expressed by
wc(r) =
(Rp + rc)√
(Rp + rc)2 − (Rp + r)2
(2.23)
Equation 2.22 is very useful if we use Py4CATS to create transmission spectrum since by default,
the Py4CATS calculates σ(r, ν) N(r) drc, so to calculate the optical depth of the atmospheric
chord we just need to weight it by the chord weight and integrate it along the line of sight.
2.2.3 Optical Depth Calculation using Py4CATS
The optical depth, τ, is a quantity to measure the transparency and how opaque the part of
the atmosphere is to the radiation through it (Seager, 2010). In a plane-parallel atmosphere
assumption, the optical depth at the top of the atmosphere is defined as 0 for a nadir viewing
geometry. The optical depth at distance s which the photon travels through is defined as
τ(ν, s) =
∫ s
0
α(ν, s′)ds′ (2.24)
where α is the volume absorption coefficient and ν is the frequency. The volume absorption co-
efficient is the summation of volume absorption coefficient from all of the considered molecules
in the model and the continuum extinction coefficient, which in this thesis we only consider
Rayleigh scattering
α(ν, s) = Σmσm(ν, s)nm(s) + σi,Rayleigh(ν, s)ni(s) (2.25)
where σm and nm are the absorption cross-section and the number density of molecule m, σi,Rayleigh
is the Rayleigh scattering cross-section for molecule/atom i.
The calculation of the optical depth is done by using Python scripts for Computational Atmo-
spheric Spectroscopy (Py4CATS1). First, the cross-sections from all of the considered molecules
are summed into continuum absorption coefficients, then it is integrated along the line-of-sight
through the atmosphere per layer resulting delta optical depths per layer.
1see http://www.libradtran.org for details
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Molecular Absorption Cross-Sections
The cross-section of each molecular species is calculated by summing up the calculation of the
cross-section of all lines in the wavelength range that is used. The cross-section (σ) of each line
is a product of the line strength (S) and a normalized line profile function or line broadening
function (g)
σ(ν; νˆ, S,γ) = S(T) · g(ν; νˆ,γ) with
∫ ∞
−∞
g(ν; νˆ,γ) dν = 1 (2.26)
where γ is the line broadening half width at half maximum (HFWHM), ν is the wavenumber in
cm−1, and νˆ is the line centroid position. We modified lbl2xs.py at the adjusting line parameter of
the p and T section to enable it calculate line strength using other partition function databases,
and to include thermal (Doppler), natural, and van der Waals broadening for TiO in the line
profile calculations.
Line Strength
The line strength at temperature T, S(T), can be calculated by comparing it with the line strength
at some reference temperature, T0, using Equation (11) in Sharp and Burrows (2007):
S(T) = S(T0)
Q(T0)
Q(T)
eEl(hc/kBT0−hc/kBT) (1− e
−hcνˆ/kBT)
(1− e−hcνˆ/kBT0) (2.27)
where S(T0) is the line strength in cm species−1 in HITRAN format at the reference temperature
(T0), Q(T) is the total internal partition function at temperature T, El is the lower state energy in
cm−1, νˆ is the wavenumber in cm−1, h is the Planck constant, c is the velocity of light, and kB is
the Boltzman constant.
Line Broadening
The molecular energy transitions are not precise or monochromatic. Both internal and external
factors affect the amount of energy that is absorbed or emitted during energy transition. In this
thesis, we account three factors that contribute to the line broadening which are natural broad-
ening, collisional broadening and thermal broadening. This makes the spectral lines behave not
like a delta function, instead it is in the form of Voigt function which is defined as
g(ν; νˆ,γ) = K(x, y) =
y
pi
∫ ∞
−∞
e−t2
(x− t)2 + y2 dt (2.28)
where x, y are defined as dimensionless variables in terms of distance from the line centroid
position (ν− νˆ) normalized by the Gaussian HWHM (γD) and the ratio of Lorentzian (γL) and
Gaussian HWHM:
x =
√
ln 2
ν− νˆ
γD
and y =
√
ln 2
γL
γD
(2.29)
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This Voigt function is a result of convolution between Doppler and Lorentz broadening profile
which would account for all of the broadening factors that we consider here.
(i) Natural and Collisional Line Broadening
Natural broadening can be explained by the Heisenberg principal which indicates that there is
always a certain range of energy involved in the energy transition between two quantum states
due to the uncertainty in the lifetime of the states. While the collisional or pressure broadening
describes the broadening of spectral lines due to the collision of atoms and molecules which
alter the value of the energy level in the energy transition.
Natural and collisional broadening can be expressed by a Lorentz function (gL)
gL(ν) =
γL/pi
(ν− νˆ)2 + γ2L
(2.30)
where γL is a sum of natural (γLN) and collision (γLC) line broadening HWHM,
γL = γLN + γLC (2.31)
For natural broadening width, we used the formalism by Gray (1976):
γLN =
0.222 νˆ2
4pic
(2.32)
While for collision line broadening HWHM, it can be calculated using van der Waals line broad-
ening theory. As there is no information available for the van der Waals line broadening width,
it is calculated by following Sharp and Burrows (2007) as
γLC = γ0
p
p0
×
(
T0
T
)n
(2.33)
with
γ0 =
1
2
[w0 −min(J′, 30)w1] (2.34)
where J′ is the lower rotational quantum number of each energy transition, w0 is the FWHM of
a transition at 1 atm (p0) when J′ = 0, w1 is a scale factor of the dependency of the broadening
on J′, and as suggested in the paper we used w0 = 0.1 cm−1, w1 = 0.002 cm−1, and n = 0. The
minimum criterion in Equation 2.34 means that the line broadening at J′ = 30 is used for larger
J′ values.
(ii) Thermal Line Broadening
As in the gas with temperature T, the atoms and molecules have a distribution of speeds along
the line of sight that can be express by the Maxwell-Boltzmann distribution. As the photon is
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emitted or absorbed by the moving atoms and molecules, the photon will be Doppler shifted
according to this distribution of speeds. This collection of Doppler shifts will broadened the
spectral lines. The higher the temperature of the gas makes the Doppler shifts higher thus the
spectral line would have a broader feature. This broadening caused by the thermal velocity of
the atoms and molecules is called the thermal broadening. Thermal broadening is expressed
with a Gaussian profile (gD):
gD(ν) =
1
γD
(
ln 2
pi
)1/2
exp
[
−ln 2
(
ν− νˆ
γD
)2]
(2.35)
with γD = νˆ
√
2 ln 2kT
mc2
where k is Boltzmann’s constant, T is temperature, m is the mass of the molecular absorber, and
c is the speed of light.
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High-resolution Spectroscopic
Detection of TiO and a Stratosphere
in the Day-side of WASP-33b
In collaboration with Hajime Kawahara, Kento Masuda, Teruyuki Hirano, Takayuki Kotani, and Akito
Tajitsu
The contents of this chapter has been published in AJ 154,221 (2017)
WASP-33 b (Smith et al., 2011) is the second hottest known hot Jupiter (Tday= 3620 K) orbiting
quiet δ Scuti stars with a retrograde orbit in ∼ 1.22 days. It is an ideal choice for transmission
spectroscopy measurement owing to the unusually large radius (Collier Cameron et al., 2010)
and its high temperature making it not only suitable for secondary eclipse spectroscopy mea-
surements, but also as the main target to find TiO/VO in its atmosphere, as the vertical cold-trap
is unlikely to exist at this temperature level. The host-star, WASP-33, is a bright star (V= 8.14) in
the northern hemisphere, and the planet to star flux contrast making it an ideal target for Subaru
telescope to find the signature of TiO in the optical wavelength range.
In this chapter, we reported a high-resolution spectroscopic detection of TiO molecular signa-
ture in the day-side spectra of WASP-33 b, the second hottest known hot Jupiter. We used High-
Dispersion Spectrograph (HDS; R ∼ 165,000) in the wavelength range of 0.62 – 0.88 µm with
the Subaru telescope to obtain the day-side spectra of WASP-33 b. We suppress and correct the
systematic effects of the instrument, the telluric and stellar lines by using SYSREM algorithm
after the selection of good orders based on Barnard star and other M-type stars. We detect a
4.8-σ signal at an orbital velocity of Kp= +237.5 +13.0−5.0 km s
−1 and systemic velocity Vsys= -1.5
+4.0
−10.5 km s
−1, which agree with the derived values from the previous analysis of primary transit.
Our detection with the temperature inversion model implies the existence of a stratosphere in its
atmosphere, however, we were unable to constrain the volume-mixing ratio of the detected TiO.
Our results demonstrate that high-dispersion spectroscopy is a powerful tool to characterize the
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atmosphere of an exoplanet, even in the optical wavelength range, and show a promising po-
tential in using and developing similar techniques with high-dispersion spectrograph on current
10m-class and future extremely large telescopes.
The data acquisition is described in Section 3.1, while the data reduction and systematic effect
removal (including the correction of the blaze function variation, common wavelength grid,
and telluric and stellar line removal) are described in Section 3.2. The method to create the
model spectrum and to cross-correlate the data with the model spectrum is explained. Here, the
confirmation of the radial velocity of WASP-33 and the accuracy of TiO line list that was used
are also explained in Section 3.4 and Section 3.5 respectively. In Section 3.6, the possibility of TiO
signal detection and the order-by-order (order-based) optimization of the SYSREM algorithm
are explored. The final result after the optimization and the statistical test are also showed. This
is followed by the discussion in Section 3.7 and the summary of the findings in Section 3.8.
3.1 Subaru Observation
3.1.1 Observation of WASP-33b
FIGURE 3.1: The coverage of WASP-33 b orbital phase during our observation (showed by bold red line).
The vertical dotted line shows the ingress and egress phase .
On UT October 26, 2015, we observed WASP-33b (see Table 3.1 for stellar and exoplanet physical
and dynamical parameters) using High Dispersion Spectrograph (HDS Noguchi et al., 2002) at
f/12.71 optical Nasmyth focus of the the Subaru 8.2 m telescope (proposal ID: S15B-090, PI: H.
Kawahara). We used a standard NIRc set up (without Iodine cell) with Messia5, 2x1 binning
setting, and without image rotator. To get the highest spectral resolution (R= 165,000 or 1.8 km
s−1 resolution), image slicer 3 (Tajitsu et al., 2012), each with slit width= 0.′′2, was used. The
dispersed light was sampled by two detectors (blue and red CCDs) which dimension is 4100 ×
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2048 pixels (0.9 km s−1 per pixel). The blue CCD contains 18 orders covering 6170 – 7402 Å, and
the red CCD contains 12 orders covering 7537 – 8817 Å. We obtained 52 spectra of WASP 33,
each with an exposure time of 600 s, from air mass 2.97 to 1.96 on the other meridian covering
0.23 – 0.56 exoplanet orbital phases (see Table 3.1 for ephemeris and derived the orbital period,
the orbital coverage of the observation is shown by bold red line in Figure 3.1) with a typical
seeing of ∼ 0.′′6 – 0.′′7.
3.1.2 M-dwarfs Spectra
In this analysis, the accuracy of the line list to generate exoplanet model spectra is crucial to
the detectability of the molecule that we probe. The inaccuracy of TiO line list at a wavelength
shorter than 6000 Åhas been showed by Hoeijmakers et al. (2015). However, they also showed
that the accuracy is increased for a longer wavelength. For a robustness of analysis, we check
the accuracy of the TiO line list that we used by comparing with the spectra of M-dwarfs, as TiO
is commonly found in the atmosphere of M-type stars and brown dwarfs (Burrows and Sharp,
1999; Burrows et al., 2001).
We obtained five spectra of M-dwarfs: Barnard’s Star (M4V) and HD 95735 (M1.5V) were ob-
served using similar instrument configuration; In 2016, two M-type stars, Gl752A (M3V) and
HD173739 (M3V), are observed with the Subaru telescope using the same instrumental con-
figuration as in 2015 (proposal ID: S16A-107, PI: H. Kawahara); we also obtained a calibrated
spectrum of Proxima Centauri from the ESO Science Archive Facility. The spectrum of Proxima
Centauri was obtained by XSHOOTER (R= 18,000) at VLT for wavelength range between 5336.6
Åand 10200 Å(proposal ID: 092.D-0300(A), PI: Neves).
3.2 Data Reduction
3.2.1 Standard Reduction
We reduced the data using IRAF tools1 and a custom-built script is written in Python 2.7. During
the analysis of Narita et al. (2005) data, Snellen et al. (2008) noticed the non-linearity effect in
HDS. The conversion factor from electrons to Analog Digital Unit (ADU) in a pixel is higher for
a pixel which receives more electrons than those that receives fewer electrons. This effect would
make the depth of telluric lines to vary not only based on the variation of the airmass and/or
water vapor column only (in case of water absorption lines) but also in the variation of received
signal-to-noise (S/N) of the spectra, which also varies by the variation of the blaze function.
Thus it might make the correction of telluric and stellar lines more complicated. Fortunately,
this problem was solved by Tajitsu et al. (2010) in a CL script to correct this effect that can be
1The Image Reduction and Analysis Facility (IRAF) is distributed by the US National Optical Astronomy Observa-
tories, operated by the Association of Universities for Research in Astronomy, Inc., under a cooperative agreement with
the National Science Foundation.
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TABLE 3.1: System parameters of WASP-33
Parameter Value
WASP-33
M? (M⊙) 1.561+0.045−0.079 a
1.512 ± 0.04 b
1.495 ± 0.031 c
R? (R⊙) 1.509+0.016−0.027
L? (L⊙) 6.17 ± 0.43
Spectral type A5
Te f f (K) 7400 ± 200 c
log g 4.3 ± 0.2
[Fe/H] 0.1 ± 0.2 c
[M/H] 0.1 ± 0.2 a
Centre-of-mass velocity (km s−1) -2.19 ± 0.09 c
-3.69 ± 0.09 c
-2.11 ± 0.05 c
vrot sin i? (km s−1) 86.63+0.37−0.32
d
d (pc) 117 ± 2
WASP-33b
To-2450000 (BJD) 6934.77146 ± 0.00059 d
P (days) 1.2198709 a
Ttransit (days) 0.1143 ± 0.0002 a
Tingress (days) 0.0124 ± 0.0002 a
a/R? 3.69 ± 0.01 a
i (◦) 88.695+0.031−0.029
d
MP (MJ) 3.266 ± 0.726 a
RP (RJ) 1.679+0.019−0.030
a
log gP [CGS] 3.46+0.08−0.12
a
Kp (km s−1) 231.11 +2.20−3.97
a
228.67 +2.00−2.04
b
227.81 +1.56−31.59
c
a Adopted from Kova´cs et al. (2013)
b Adopted from Smith et al. (2011)
c Adopted from Collier Cameron et al. (2010)
d Adopted from Johnson et al. (2015)
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obtained from the HDS website2. We corrected the over-scan and non-linearity using CL scripts
in the HDS website before debiasing the frames.
Then we defined the center of the 2-dimensional spectra by tracing the flux along the dispersion
axis with apall task using dome-flat frames, which was taken using a narrow slit, as a reference.
The scattered light in the inter-order area was fitted with a cubic spline function along the slit
and dispersion direction individually, using apscatter for the arc lamp frame, smoothed and sub-
tracted from all science frames. A median flat frame was calculated from 71 frames of dome-flat
to correct the pixel-to-pixel sensitivity variation and normalized using the apnormalize task in
IRAF to conserve the fringe pattern along the slit direction, especially for red CCD.
Then the frames were flat-fielded and 1-dimensional spectra of total 30 orders were extracted
simultaneously using hdsis_ecf.cl 3. The processes in the hdsis_ecf.cl is described as follows: Each
order of science spectra and the normalized median flat frame were sliced along the slit from
−12 to +8 pixels for blue CCD and from−11 to +8 pixels for red CCD relative to the center of 2-
dimensional spectrum that was defined using apall task. The size of the slice is very crucial to get
a clean spectrum as if a larger width was used, a high-frequency noise would appear along the
wavelength in the extracted spectra. This high-frequency noise is caused by the slicing the edge
of the aperture. The sliced science spectra are divided by the corresponding sliced normalized
median flat spectra and sum-combined to create the final 1-dimensional spectra.
For wavelength calibration, we identified 133 emission lines of Thorium-Argon arc lamp frames
taken at the beginning and the end of the observation. The wavelength solution was calculated
by fitting the position of the emission lines in wavelength and in pixel by fifth and third order
Chebyshev function which correspond to the dispersion and slit directions respectively using
ecidentify task. The pixel RMS value of the residual fitting was ∼ 0.0012 for both CCDs. The
shift of the wavelength solution for each frame was calculated by interpolating between the
preceding and the following Thorium-Argon arc lamp frames in respect of the observation time
using refspec. The relative time difference between the spectra and the Thorium-Argon arc lamp
frames is taken as the weight of the interpolation. Then, the wavelength solution was applied
using dispcor. These steps were also applied to the non-normalized median flat frame to extract
the blaze function. All science frames were then divided by the blaze function corrector to create
the final reduced spectra.
3.2.2 Correction for Blaze Function Variation and Normalization of Spectra
When observing using HDS, the blaze function might vary during the observation as it was
shown by Winn et al. (2004). Because of the nature of our telluric removal method, the contin-
uum profile of the spectra will be removed, but it is still useful to correct this variation as a part
of normalizing the spectra. We used the spectrum taken at the beginning of the observation as
a reference spectrum and compared the rest of the spectra by calculating the ratio of both spec-
tra. The ratio of both spectra has a similar pattern for all orders (see Figure 3.2), but the profile
2http://www.subarutelescope.org/Observing/Instruments/HDS/index.html
3https://www.naoj.org/Observing/Instruments/HDS/hdsql/hdsql-cl-20170807.tar.gz
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FIGURE 3.2: Top panel: Spectra from two different epoch for order 93 (left panel), 92 (middle panel),
91 (right panel), which were taken at the beginning (blue box) and the end (orange triangle) of the
observation. The continuum profile of the second spectrum after correction (red circle) matched with the
first spectrum. Bottom panel: the ratio of the spectra before (blue circle) and after (black star) correction.
The orange line is the smoothed ratio profile used to correct the variation.
change along the time of the observation. To remove any outlier, the ratio of both spectra was
then clipped.
In order to avoid any residual broad stellar absorption lines mismatch in the ratio spectra, we ap-
plied smoothing routine with a 301-pixels smoothing window using PyAstronomy.pyasl.smooth4
with a flat window function option. Each of the compared spectra was then divided by its
smoothed ratio, resulting in a spectrum with similar blaze function profile as the reference spec-
trum, while conserving stellar lines and telluric line strength variations. The final spectra then
were normalized by fitting a spline function to the reference spectrum using continuum manually
and divide all of the other spectra by it.
3.2.3 Common Wavelength Grid
The wavelength shifts of each the spectrum are estimated by measuring the relative shifts of
strong telluric lines to the reference spectrum (similar spectrum as in the Section 3.2.2. First, the
telluric lines in the spectrum order that contain well-spread telluric lines are identified using
peakutils5 (15 – 20 lines on average per selected order). Each of the identified telluric lines was
then fitted with a Gaussian function to determine the centroid and compared it with the centroid
of the corresponding lines in the first spectrum. The relative shift of each order was calculated
by taking the median of the line shifts in that order. We found that the shifts are order-dependent
with an amplitude of about 0.05 pixel (∼0.04 km s−1), but because only several order has strong
4http://www.hs.uni-hamburg.de/DE/Ins/Per/Czesla/PyA/PyA/index.html
5https://bitbucket.org/lucashnegri
3.2. Data Reduction 37
telluric lines and the amplitude is very small, we decided to ignore it. The results of all selected
order were then combined to estimate the shift of the corresponding frame, by calculating its
weighted median value.
The amplitude of relative shifts is about 0.13 and 0.08 pixel (∼0.12 and 0.07 km s−1) for blue
and red CCD, respectively. Noticeably the general trend of the shifts are correlated with the
shifts of the temperature inside the dome (∆T ∼1.75 K) during the observation (see Figure 3.3
a & b). This wavelength temperature-dependent shift trend is relatively smaller than in the
spectroscopic observation using CRIRES in VLT reported by Brogi et al. (2013) (1.5 K change
in temperatures corresponding to 1.5 pixels shifts), which gave a non-detection of the 51 Peg b
signal due to the odd-even effect for detector 4.
Each of the spectra was then shifted using spline interpolation based on the weighted median
combined shift of each frame, and then re-sampled with similar wavelength sampling. For each
order, the spectrum of WASP-33 for all exposure was then stacked in a matrix with wavelength
bin values as its column, and spectrum numbers (or time/orbital phases) as its row. 5-σ clip-
ping was performed for each wavelength bin to identify any bad pixels/cosmic rays, which are
replaced by the mean value of the column. We excluded these bad region for the rest of the anal-
ysis, which are 5.30% and 7.19% of all pixels in blue and red CCDs, respectively, mostly because
of the pixels near the edge of the CCD.
3.2.4 Removal of Telluric and Stellar Absorption Lines
In the observed wavelength range, telluric and stellar absorption lines dominate the spectrum,
while the exoplanet to stellar flux contrast is expected at the level of 10−3 (when extrapolated
from the best-fitted spectrum in Haynes et al., 2015). Removal of telluric and stellar lines is criti-
cal in order to detect the TiO signature by cross-correlation, as the exoplanet spectrum is buried
in the sharp noises of those lines. The spectrum of WASP-33b is expected to be Doppler-shifted
from +230 km s−1 (at its maximum) to −54 km s−1 (at the end of the observation), while telluric
and stellar lines remain relatively stationary during the course of the observation. However, tel-
luric lines vary in strength due to the changes of geometric air mass and/or water vapor column
of the atmosphere (for water lines).
To remove the telluric and stellar lines, we implement SYSREM algorithm. SYSREM has been
used either in the detrending/systematic effects removal of transit surveys (e.g SuperWASP,
CoRoT light curves Collier Cameron et al., 2006; Ofir et al., 2010) to remove systematic effects
(variation of atmospheric condition, the changing of CCD efficiency, variation of point spread
function, etc.) without any priors in a large set of light curves (Tamuz et al., 2005; Mazeh et
al., 2007). Each wavelength bin (4100 wavelength bin per order on average), consisting of 52
frames (including the frames when WASP-33 b in the secondary eclipse phase), is treated as a
"light-curve”. Then each ”light-curve” was subtracted by their mean value before applying the
SYSREM algorithm order-by-order (fourth row in Figure 3.4). The detailed description of the
SYSREM algorithm is given on Chapter 2 in Section 2.1.2.
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(a)
(b)
FIGURE 3.3: Relative shifts of telluric lines compared to those in the first frame in the blue CCD (1) and
red CCD (2). Noticeably the general trend of the shift follows the trend of temperature variation inside
the dome (solid red line)
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The step-by-step removal of telluric can be seen in Figure 3.4. It can be noticed that there are
curve shaped features, which can be seen in the blue CCD spectra matrix, and the degree of the
curvature decreases as increasing wavelength. We expect that these features are due to the im-
perfection of the correction of the blaze function variation. As the residual was cross-correlated
with the high-frequency TiO features, this feature would not affect the results and can be re-
moved using a double high-pass filter (see Figure 3.4).
Most of the linear systematic variation along all wavelength bins in each order can be found and
removed from the spectrum starting with the most significant one, such as air mass variation.
Ideally, the expected residual is the Doppler-shifted exoplanet spectrum only with photon noise.
We performed two cases of the SYSREM reduction: One is that we removed the first ten system-
atics (henceforth SYSREM iteration, Nsys = 10) for all of the orders (SYSREM with common
iteration number in Section 3.6.1). This simple procedure gave a conservative estimate of the
signal detection. The second case is determining the optimum number of subsequent SYSREM
iterations for each order that gives the optimum systematic removal (Order-based SYSREM op-
timization in Section 3.6.2). The latter is based on the fact that SYSREM tends to remove the
exoplanet spectrum when the Doppler-shifted variation begins to dominate the systematic vari-
ation in most of the wavelength bin.
Before performing cross-correlation for each residual with a grid of the Doppler-shifted WASP-
33b model spectrum, we applied a double high-pass filter using a smoothing function with a
25-pixel width for the first filter and 51-pixel width for the second filter, to remove any low-
frequency variations along the spectrum. Then, the values of each wavelength bin were weighted
by their noise, which is defined by the standard deviation of the bin as a function of time. The
results of this removal process are 10 sets of smoothed weighted SYSREM residuals for each
CCD.
3.3 Spectral Template
To extract the exoplanet spectrum from the noise by cross-correlation, we generated several
model spectra by various temperature profiles and volume mixing ratio (VMR) of TiO, assuming
several atmospheric models as described in Table 3.2. Three different temperature–pressure
(T/P) profiles were adopted, which described the average vertical temperature structure of the
planetary day-side atmosphere: full inversion (FI), non-inversion (NI) as shown in the right
panels of Figure 3.5, and T/P profile from Haynes et al. (2015), known as the H-model, as shown
in the right panel of Figure 3.6.
For the NI model, it was assumed that the temperature decreases with a constant lapse rate from
P0= 102 bar with T0= 3700 K to P1= 10−5 bar with T1= 2700 K. For the FI model, the temperature
increases from P0= 102 with T0= 2700 K to P1= 10−5 with T1= 3700 K. For both models, we
assumed a constant vertical abundance of TiO at solar abundance level (VMR= 10−7) and no
other molecule in the atmosphere. For the H-model, we assume varied the VMRs of TiO from
sub-solar to super-solar abundance level, log VMRTiO= [−4,−5,−6,−7,−8,−9,−10].
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(a)
(b)
FIGURE 3.4: Reduction process for each order of both blue (a) and red CCDs (b). The first row ([1]) shows
an example of the normalized 1D spectrum of WASP-33 following the correction of the blaze function
variation and the common wavelength grid iteration. The next row ([2]) shows the 2D spectrum with the
wavelength as the horizontal axis, each label representing the median wavelength of the order, while the
vertical axis is the frame number. The third row ([3]) shows the final reduced spectra after the correction
of the blaze function in common wavelength grid. The variation of brightness along the frames for all
orders is due to the blaze function variation. The fourth row ([4]) shows the mean subtracted spectra
as the input to SYSREM. The fifth and sixth rows ([5] & [6]) show the residual spectra after running
SYSREM with 1 and 4 iteration and through the double high-pass filter, at the latter stage almost all
telluric lines have been removed. The masked bad regions are shown by grey areas in all rows except
the first one.
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TABLE 3.2: Models of planetary atmosphere
Name T/P Profile log VMR
FI Full inversion -7
NI No inversion -7
H Realistic inversion (Haynes et al., 2015) -4 to -10
The atmosphere was divided into 50 layers, which were evenly spaced in log pressure between
102 to 10−5 bar. The altitude of each layer was calculated by assuming hydro-static H2 dominant
atmosphere using the derived the mass and radius from the reference (Table 3.1). We also mod-
eled the non-inverted atmosphere (henceforth M-dwarf model) with T0= 2600 K at P0= 0.01 bar
and T1= 4000 K at P1= 1 bar assuming a constant rate of temperature change with log pressure,
resulting in TiO absorption features only for log VMR= -7. The method to produce the emission
spectrum of the exoplanet and the calculation of the optical depth using Py4CATS are explained
in Chapter 2 in the Section 2.2.1 and Section 2.2.3 respectively.
In total, we produced nine WASP-33b model spectra and one non-inverted model for TiO line
list accuracy analysis; one full inversion (FI-spec), one no inversion (NI-spec), seven spectra for
Haynes (H-spec), and one M-dwarf model. See Figure 3.5 for FI-spec and NI-spec, Figure 3.6 for
H-spec, and Figure 3.7 for five M-dwarfs spectra and one M-dwarf model spectrum.
In this analysis, the systemic velocity (Vsys) is one of the important parameters to confirm the
detection (if there is any); thus by measuring radial-velocity (RV) of WASP-33 and comparing
it with the previous results, the confidence and the robustness of our analysis are improved.
Instead of creating the WASP-33 comparison spectra by our self, we used the stellar model spec-
trum from Coelho (2014) for Teff= 7500 K, log g= 4.5, [Fe/H]= +0.2 and [α/Fe]= 0. The stellar
model spectrum was convolved to the HDS resolution and rotationally broadened to resemble
the Doppler broadening caused by its fast rotation (henceforth Coelho model spectrum).
3.4 Systemic Velocity from Stellar Spectra
To measure the radial velocity of the WASP-33 system, we analyzed the standard reduced WASP-
33 spectra. We selected the order that contains significant stellar absorption lines and masked
the telluric lines. Then the spectra were cross-correlated with the Doppler-shifted Coelho model
spectrum from −100 km s−1 to +100 km s−1 with 0.1 km s−1 intervals. In this cross-correlation,
only the spectra in blue CCD was used due to a lot of telluric lines and less stellar absorption
lines in the red CCD spectra.
To calculate the RV of WASP-33 for the corresponding frame, the RV values of all selected order
within the frame were medianly combined. Then, after correcting the barycentric radial velocity
difference of each frame, the weighted median combine of the RV of all frames was calculated
to get the final WASP-33 RV value.
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FIGURE 3.5: WASP-33b spectrum model using full inversion (FI) and no inversion (NI) of the TP profile.
The left panel shows the WASP-33b model spectrum for both FI-spec and NI-spec. The color shade
represents the wavelength range of the observed order, blue, and orange color represent the wavelength
range in the blue and red CCDs, respectively. The vertical axis shows the planet to star flux contrast in
the level of 10−3. The middle panel shows the weight function along the wavelength for the pressure
range considered. The right panel shows our adopted temperature profile of the WASP-33b atmosphere.
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FIGURE 3.6: WASP-33b spectrum model using TP profile of Haynes et al. (2015). The left panel shows
the WASP-33b model spectrum of various VMR. The vertical axis shows the planet to star flux contrast in
the level of 10−3. The right panel shows our adopted temperature profile of the WASP-33b atmosphere.
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FIGURE 3.7: Observed spectrum of five M-dwarf stars that were used for the TiO line list accuracy
comparison. The bumps on the 4 first spectra are caused by the uncorrected blaze function. Before
order-by-order cross-correlation, the spectrum was normalized by its continuum profile. The color shade
represents the observed wavelength range, the blue color is in the blue CCD and orange color is in the
red CCD.
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The results can be seen in Figure 3.8b, the median of the measured RV is −3.02 ± 0.42 km s−1.
Although this value is different from the value of −9.2 ± 2.8 km s−1 (Gontcharov, 2006) in
the SIMBAD database, our result is consistent with Collier Cameron et al. (2010) which have
used Doppler tomography technique to confirm the existence of the planet and measured the
center-of-mass velocity (see Table 3.1). Therefore we used this value as the radial velocity of the
WASP-33 system, which is taken into consideration when evaluating the result of the WASP-33b
vs TiO model cross-correlation analysis.
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(a)
(b)
FIGURE 3.8: (a) The colored line is an example of blue CCD spectrum of WASP-33 after standard reduc-
tion. Different colors mean different order. The black line is Coelho model spectrum. (b) The barycentric
corrected RV of WASP-33 during the observation (red star), as a result of combining the RV of each order
that has the highest cross-correlation signal. The blue line is the weighted median combine of all frames
that was taken as the RV of WASP-33.The error bar is the 1-σ scatter across the observation time.
3.5 The Accuracy of TiO Line List
To check the TiO line list accuracy, five standard reduced M-dwarf spectra were cross-correlated
with the M-dwarf model order-by-order. The model spectra were Doppler-shifted from −80 km
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s−1 to +80 km s−1 relative to the RV of the expected target, from SIMBAD database with 1 km
s−1 intervals. The M-dwarfs spectra and model spectrum were normalized by dividing with
their continuum profile calculated by applying a double high-pass filter with 501 pixels and
1001 pixels of smoothing function before the cross-correlation, in order to maintain the cross-
correlation scale (from −1 to 1).
The cross-correlation results of five M-dwarf spectra versus the M-dwarf model is shown in
Figure 3.9. As Hoeijmakers et al. (2015) expected, the accuracy of the TiO line list improved in the
longer wavelength, although there are cross-correlation functions (CCFs) of several order, which
blue-shifted from their expected radial velocity, and several others do not have any significant
peak. For the other of the order, the peaks are located at their expected radial-velocity. The shifts
are most likely caused by the inaccuracy of the TiO line list itself because of the first three orders
of the blue CCD show similar blue-shifted CCF for the five different M-dwarf spectra. The shift
is about ∼ 21 km s−1 (shown by blue dashed line in Figure 3.9).
There are several orders that have no significant peak, which can be caused by the imperfection
of our simple atmosphere modeling or the inaccuracy of the line list. Note that the order that
has no significant CCF peak, has a large bad region except the last order of the red CCD (see
Figure 3.4 and/or Figure 3.9). These so-called bad orders are excluded for the rest of the analysis
including order 2 in red CCD due to heavily contaminated by strong telluric lines.
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FIGURE 3.9: Cross-correlation results between M-dwarf model and five M-dwarf spectra, Barnard’s Star
(black lines), HD 95735 (blue lines), Gl752A (green lines), HD173739 (red lines), and Proxima Centauri
(brown lines). The color of the label of the wavelength range also represents the order to which the
CCD belongs. Note that the y-axis scale is not uniform, thus the orders cannot be compared. The black
dash line is the rest-frame RV of each M-dwarf stars, while the vertical blue dashed line in the first three
orders of the blue CCD is the position of CCF peaks on those orders. The grey shaded panel shows the
bad shape CCF that are masked for the rest of the analysis (bad). The ht label shows the masked order
in the later analysis due to heavily contaminated by strong telluric lines.
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3.6 TiO Signal Detection
3.6.1 Results from SYSREM with Common Iteration Number
As described in Section 3.2.4, we first analyze the spectra with a common SYSREM iteration
number for all orders. A grid of Doppler-shifted WASP-33b model spectrum was cross-correlated
with weighted SYSREM residuals. The Doppler-shifted model spectrum covers planet radial
velocity (RVp) between −169.69 km s−1 ≤ RVp ≤ +393.30 km s−1 with 0.5 km s−1 intervals,
correspond to half of the HDS sampling resolution.
For each detector, the CCFs of every order were summed (all orders excluding the bad orders
explained in Section 3.5). This value is then listed in the CCF matrix with a dimension of 1127
(RV as the column) × 52 (orbital phase as the row). Then, the CCF matrix of blue and red CCDs
was summed to calculate the final CCF matrix. These steps were done for all of ten SYSREM
residuals matrix.
We then calculated the CCF map in the Kp-Vsys plane for all spectrum models by doing the
following steps. The CCF of the frames (40 frames in total, excluding the frames when WASP-
33b was expected in the secondary eclipse phase) was integrated along the expected RVp curve:
RVp(t) = Kp sin(2piφ(t)) +Vsys + vbary(t) (3.1)
with
φ(t) =
t− T0
P
(3.2)
where vbary(t) is the barycentric correction, φ(t) is the planet orbital phase, t is the mid ob-
servation time in BJD, T0 is the ephemeris, and P is the orbital period of the planet, Kp is the
semi-amplitude of the radial velocity of the planet, and Vsys is the systemic velocity 6. We con-
sider the radial velocity of the planet semi-amplitude between +150 km s−1 ≤ Kp ≤ +310 km
s−1, and systemic velocity between −80 km s−1 ≤ Vsys ≤ +80 km s−1 with 0.5 km s−1 steps. The
result is a 321 (Vsys as column)× 320 (Kp as row) CCF matrix. Then, this matrix was divided by
its the standard deviation to generate Kp-Vsys S/N map.
Figure 3.10 and 3.11 show the Kp-Vsys S/N map for Nsys = 4 (H-spec) and 10 (H-, FI-, and NI-
spec models). In all the cases except for NI-spec, we detected positive peaks with > 4-σ, while
the map for NI-spec exhibits a negative peak at the same place. The maps for H-spec and FI-
spec exhibits the strong peak in almost all SYSREM iteration number at Kp= +237.0 km s−1 and
Vsys=−1.5 km s−1 (henceforth peak A). Among all H-spec, the strongest signal was found in log
VMR= −8. This peak is also the strongest one in the Kp-Vsys c.c. maps of both FI-spec and NI-
spec for most of the SYSREM iteration number, although for NI-spec the value is negative. The
positive value of the peak A in H-spec and FI-spec, and the negative value in NI-spec suggested
that non-inversion atmosphere is unlikely for WASP-33b if peak A is the real signal. The second
6The nodal precession of WASP-33b caused the orbital inclination to evolve from ∼ 86.61◦ in 2008 to 88.70◦ in 2014
(Johnson et al., 2015), and based on Smith et al. (2011) analysis on its orbital eccentricity, we can safely assume a circular
orbit with orbital inclination ∼ 90◦ to calculate RVp
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strongest peak was detected at Kp= +192.0 km s−1 and Vsys= +19.5 km s−1 (henceforth peak B)
in the SYSREM iteration number= 2 only.
Figure 3.12 shows the S/N of peaks A and B as a function of the SYSREM iteration, although
peak B is unlikely to be a real signal, due to its physically non-realistic Kp and Vsys values com-
pared with the expected value from previous studies, it was chosen as a representative of the
noise/false-positive signal. The S/N of peak B decreases as increasing of the SYSREM iteration
number. The S/N of peak A increases from SYSREM iteration= 1 until SYSREM iteration= 4
then decreases until SYSREM iteration= 6 before increases again until SYSREM iteration= 10.
The increasing of S/N of peak A after SYSREM iteration= 6 is most likely due to the different
level of telluric and/or stellar lines removal in each order. It can be seen in the Figure 3.11a, for
SYSREM iteration= 4 where multiple peaks, 5 peaks, within 1σ value from the strongest peak
can be found (white color). While in the Figure 3.11b there are only 2 peaks, peak A and the
other one at about Kp ∼ +160.0 km s−1 and Vsys ∼ −20 km s−1. From the curve of Figure 3.12,
it is natural to adopt Nsys = 10 as a fiducial iteration number. Because the common iteration
number for all orders does not fully optimize the procedure of the systematics removal, 4.3-σ of
the significance level for H-spec (VMR= -8) we obtained should be regarded as a conservative
estimate of detection level.
3.6.2 Order-based SYSREM Optimization
The level of telluric lines contamination is different for different order, thus to find the optimized
SYSREM iteration number of each order, following steps were also performed. A scaled artificial
signal was injected at the detected RV (Kp= +237 km s−1 and Vsys= −1.5 km s−1) in the spectra
before telluric and stellar lines removal. The scaling was performed according to the equation
Fscaledpm(λ) = sc×
Fpm(λ)
Fstar(λ)
(
Rp
Rstar
)2
, (3.3)
where sc is the scaling constant, Fscaledpm is the scaled artificial signal, Fpm(λ) is the planet model
spectrum (H-spec with log VMR=−8) from the integration of Planck function versus monochro-
matic transmission along the line-of-sight (see Section 3.3), Fstar(λ) is the black body flux of T=
7400 K representing the continuum level of the WASP-33 flux, Rp and Rstar are the planet and
star radius, respectively.
To check the effect of the strength of the injected signal on SYSREM, we adopt 5 different injected
signals with sc = [0.2, 0.4, 0.6, 0.8, 1.0]. The injected signals are broadened by a rotation kernel,
using fastRotBroad from PyAstronomy with v. sin i= 0.4 times the expected projected velocity of
WASP-33b (calculated by assuming a tidally locked condition with the parameter in the Table
3.1 referring to the typical broadening width of tidally locked exoplanet as shown in Kawahara,
2012). The artificial spectrum for each frame was convolved with a box-function to take into
account the change of Doppler shift during the 600 s exposures per frame. The signals were
injected into the spectra, before performing telluric and/or stellar lines removal using SYSREM
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(a)
(b)
FIGURE 3.10: (a) and (b) are the Kp-Vsys cross-correlation map of FI-spec and NI-spec for SYSREM
iteration number= 10 respectively. The white dashed line is the expected Kp and Vsys from the previous
studies. The black line is the maximum S/N peak in the map. The top and right panels show the 1-
dimensional cross section of the CCF peak along the Vsys and Kp respectively. A and B are the peak A
and peak B respectively.
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(a)
(b)
FIGURE 3.11: (a) and (b) are the Kp-Vsys cross-correlation map of H-spec (log VMR= -8) for SYSREM
iteration number= 4 and 10 respectively. The description of the figure is similar with Figure 3.10
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FIGURE 3.12: The S/N of peak A and B along the SYSREM iteration number, Nsys, for H-spec (log VMR=
-8). The blue diamond-lined is the S/N of peak A and the red circle-dotted line is the S/N of peak B.
algorithm similar with the original data. The residuals for each SYSREM iteration were cross-
correlated with the corresponding artificial signal itself.
After performing cross-correlation, the CCF of each frame was aligned to the planet rest-frame
velocity according to the injected Kp-Vsys (e.g. the middle panel of Figure 3.14). Then, the
aligned CCFs of all frames except the frames corresponding to the secondary eclipse were summed
to create the total mean CCF. To examine the strength of extracted artificial signal for various
combinations of SYSREM iteration numbers, the peak value of the total mean CCF in ± 2.5 km
s−1 centered at the expected rest-frame radial velocity of the (0 km s−1) planet was divided by
the standard deviation of the signal outside this region (henceforth Smax/n). The results for the
five injected signals are shown in Figure 3.13.
The strength of Smax/n as a function of SYSREM iteration number behaves differently for a dif-
ferent order, depending on the amount of telluric and/or stellar lines contamination and the
strength of the injected signal (represented by sc value). There are several jumps in Smax/n
curves, which may be caused by spurious signal/noises. Thus by following the general trend of
the recovered Smax/n curves of 5 different injected signals the optimum SYSREM iteration num-
ber we chose the optimum SYSREM iteration numbers. For blue and red CCDs the optimum
SYSREM iteration numbers are [2, 2, 8, 2, 1, 1, 5, 3, 1, 3, 5, 2, 7, 2, 8, 2, 2, 2] and [2, 3, 5, 2, 3, 4, 2,
8, 3, 9, 3, 5], respectively, for each of its orders.
Using the optimum SYSREM iteration number, the mean CCF map was calculated for all of the
spectrum models as shown in Figure 3.14 (left). Then the CCF was aligned to the rest-frame
of the planet (middle panels). The TiO signal can be seen in the left panels as a positive (dark)
signal with an arc shape for H- and FI- spec and as a negative (bright) one for NI-spec. In the
middle panels of the figures, the planet signal was aligned such that it can be seen as a vertical
dark/bright trail at the Vsys= −1.5 km s−1. The right panels show the mean CCF with the width
of 6 pixels centered at Vsys=−1.5 km s−1 (CCFexo). For FI- and H-models, the CCF curve exhibits
a positive offset during the visible phase while there is no offset when the planet is behind the
star. This feature supports the atmospheric origin of the CCF signal.
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FIGURE 3.13: Smax/n of all orders for various SYSREM iteration numbers. The vertical lines mark the
SYSREM iteration number that made the signal strength optimum. The blue circle, yellow asterisk, green
diamond, red square, and purple cross are the Smax/n of the recovered injected signal with sn= [0.2, 0.4,
0.6, 0.8, 1.0] respectively. The number in the white box at the bottom left of each panel represents the
order number and the color represents the CCD (blue or red).
Figure 3.15 shows a Kp-Vsys S/N map for H-spec with log VMRTiO=−8. The strongest peak was
found with 4.8-σ detection significance at Kp= +237.5 +13.0−5.0 km s
−1 and Vsys= −1.5 +4.0−10.5 km s−1.
The detected orbital semi-amplitude velocity Kp of the planet is in agreement with the expected
Kp value from the previous studies of Doppler tomography (see Table 3.1) and the detected
Vsys is consistent with the reported value from our measured value (see Section 3.4) and Collier
Cameron et al. (2010). The noise level in the Kp-Vsys S/N map after optimization is significantly
suppressed.
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FIGURE 3.14: Order-based optimized version of cross-correlation map for H-spec with log VMR= -8
(first row), FI-spec (second row), NI-spec (third row), and the injected signal (fourth row). The left panel
shows the mean CCF map. The middle panel shows the aligned mean CCF map at Kp= +237.5 km s−1
and Vsys= −1.5 km s−1. The planet signal can be seen as a dark trail in the expected rest-frame of the
radial velocity of the planet from the first observed phase until the appearance of the secondary eclipse
phase (red dashed). The right panel shows the mean CCF for a 6-pixel column bin (CCFexo) centered on
Vsys= −1.5 km s−1 along the orbital phase. The solid black lines show the smoothed CCFexo with a 3
frame smoothing window. The blue dashed line shows the zero value of CCF.
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FIGURE 3.15: Figure Kp-Vsys S/N map of H-spec with maximum peak at Kp= +237.5 +13.0−5.0 km s
−1 and
Vsys= −1.5 +4.0−10.5 km s−1, which gives 4.8σ detection. The white dashed line is the expected Kp and Vsys
from the previous studies. The black line is the maximum S/N peak in the map. The top and right
panels show the 1-dimensional cross section of the CCF peak along the Vsys and Kp respectively. The
black dashes show the most significant signal, the white dashes show the expected Kp and Vsys, and the
color bar grid interval is 1σ, the white area also represents the 1σ error of the detected signal.
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3.6.3 Statistical Tests
The in-trail CCF (henceforth in-trail signal) was compared with the out-of-trail CCF (henceforth
out-of-trail signal) by performing Welch’s t-test to check if the mean is same assuming that two
distributions were drawn from the same parent distribution, using the SciPy module in Python
2.7. We used equation (3.1) to calculate the expected RVp for the same range to ones for the Kp-
Vsys CCF maps, and took the 1 pixel mean CCF value at the closest RV to RVp. The out-of-trail
signal contains all mean CCF values except the in-trail signal.
The out-of-trail and in-trail signal histograms (width of the in-trail signal= ± 3 pixels) were
plotted. The in-trail signal distribution shifted further from the out-of-trail signal distribution.
The distribution of the in-trail signal is clearly shifted from the zero values. From the Q-Q plot
(see Figure 3.16a) it can be seen that the out-of-trail signal distribution is a Gaussian distribution
until 4σ, therefore we can safely convert the half p-value to σ value of the detection significance
using an error 7. The Welch’s t test shows that the in-trail distribution deviates from the out-of-
trail signal distribution by 5.0-σ (see Figure 3.16b) in line with the S/N of this peak detection.
(a) (b)
FIGURE 3.16: (a). Histogram of the in-trail and out-trail mean CCF distribution, the in-trail distribution
is slightly shifted from the out-of-trail distribution. (b). Q-Q plot of the out-of-trail distribution which
shows that the distribution is Gaussian until 4σ.
3.7 Discussion
We have detected for the first time the high-resolution emission signature of TiO on the day-
side of WASP-33b as a direct prove the existence of TiO in the atmosphere of the hot Jupiter. The
positive detection in the cross-correlation result with H-spec and FI-spec confirmed the existence
of stratosphere/thermal inversion layer in the day-side of WASP-33 b, as has been previously
7The output from the scipy module is the two-tailed p-value.
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FIGURE 3.17: Significance map after converting from the p-value from Welch’s t-test using er f function
for the most significant detected signal with the H-spec model spectrum of log VMRTiO= −8. The black
dashes show the most significant signal, the white dashes show the expected Kp and Vsys, and the color
bar grid interval is 1σ, the white area also represents the 1σ error of the detected signal.
claimed by several studies without resolving the emission feature from TiO (e.g. von Essen et
al., 2015; Haynes et al., 2015). The thermal inversion in the hot Jupiter has also been detected
for the first time in another super hot Jupiter, WASP-121b, by Evans et al., 2017, by resolving
the emission spectral feature of H2O at 1.4 µm near-infrared wavelength using HST. The first
simultaneous detection of the emission and molecular signature of TiO proves that the TiO is
indeed the responsible compound for the thermal inversion in hot Jupiter.
The highest S/N is when the data was cross-correlated with the model spectra of log VMRTiO=
-8. As it can be seen in the Figure 3.18b, using the T/P profile of Haynes et al. (2015) the inclusion
of TiO opacity with log VMRTiO= -8. From the contribution function, the spectra consist mostly
of emission features. While for the spectra with log VMRTiO= -7, it did not give any significant
cross-correlation signal due to the combination of emission and absorption features. The ab-
sorption feature is because we are probing the atmosphere where the temperature is decreasing
with the altitude as it was shown by the contribution function in the Figure 3.18 a, and for the
emission feature in the red part of the spectra is due to the atmosphere become optically thick
when the temperature is increasing with the altitude.
We have used the T/P profile constraint by Haynes et al. (2015) which assume constant chemi-
cal abundance in all pressure. However, as Parmentier et al. (2018) has shown this assumption
might not be correct considering the temperature of the atmosphere. Most of the considered
molecules, with the exception of CO, should begin to dissociate at lower pressure due to the
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(a) (b)
FIGURE 3.18: The contribution function of model spectrum with log VMRTiO= -7(a). and with log
VMRTiO= -8 (b).. The color scale represents the opacity of the atmosphere, where the purple color means
that the atmosphere is transparent while the green color means that the atmosphere at the particular
pressure and wavelength is opaque. The temperature profile of the model is overplotted as a red line.
Notice that more than half of the contribution function in the model with log VMRTiO= -7 is at the
pressure where the temperature is decreasing with the altitude (the lower the pressure the higher the al-
titude) generating absorption features in the spectrum. While for the model with log VMRTiO= -8, most
of the contribution functions are at the pressure where the temperature is increasing with the altitude,
making the spectrum is dominated by emission features.
thermal dissociation thus the chemical abundance should decrease with the altitude. More im-
portantly, the water molecule is a very efficient coolant for the atmosphere. The decrease of the
water abundance at the lower pressure would have risen the temperature much more, making
the temperature profile of WASP-33b monotonically increase with the altitude instead of de-
creasing after the thermal inversion at 0.05 bar (see Figure 5 in Parmentier et al., 2018). Then,
by using the correct T/P profile even when the log VMRTiO= -7, the spectra would have emis-
sion feature only. This issue and the fact that in our analysis we did not use a self-consistent
atmospheric model, preventing us to constrain the VMR of TiO.
The coldest temperature in the day-side atmosphere of WASP-33b is still above the condensation
temperature of TiO the WASP-33b making the existence of a vertical cold trap is very unlikely.
However, because WASP-33b is a super hot Jupiter which is tidally locked, the day-night temper-
ature difference must be large. As explained by Parmentier et al. (2013), most of the hot Jupiter
exhibit day-night cold trap and by assuming that the TiO gas phase would condensed imme-
diately only in the nightside, the efficiency of the day-night cold trap depends on the several
parameter: the gravitational setting time scale which can be represented with free-fall timescale
assuming that it reaches its terminal velocity immediately, the condensate growth time scale and
the advective timescale or the time needed for the jet to bring the molecule from the day side to
the night side and to the day side again. The TiO gas phase can survive the day-night cold trap
if the advective timescale is shorter than the settling and the condensation time scale. The direct
detection of TiO proves that the TiO indeed survive the day-night timescale. The settling time
scale varies by the size of the condensed particle and borrowing from Beatty et al., 2017 which
assumed the mean molecular weight and the viscosity of the atmosphere of hot Jupiter, and the
density of the condensate and the atmosphere is similar for all hot Jupiter, we can constrain that
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the maximum size of the TiO condensate in the atmosphere of WASP-33b is 3-5 µm (see Figure
10 in Beatty et al., 2017).
3.8 Summary
We confirmed the inaccuracy of the TiO line list for wavelengths shorter than 6300 Å (see Hoei-
jmakers et al., 2015). We also showed that for longer wavelengths, most of the line list of Plez
(1998) is accurate which was proved in Figure 3.9. The result of line list accuracy test was consid-
ered in processing order-based optimization, therefore our analysis no longer suffers from the
inaccuracy of the line list. By measuring the radial velocity of the host star we also confirmed the
measurement by Collier Cameron et al. (2010), which differs by ∼ 4 km s−1 from the SIMBAD
database.
Our direct detection of emission TiO signature on the day-side of WASP-33b with 4.8-σ proves
the role of TiO in generating thermal inversion in the hot Jupiter atmosphere as it was predicted
theoretically (Hubeny et al., 2003; Fortney et al., 2008). However, the use of no self-consistent
atmospheric model preventing us from constraining the abundance of TiO in the atmosphere of
WASP-33b. The constraint on the relative abundance level of TiO in WASP-33b can be obtained
by analyzing it using a self-consistent atmospheric model (including the thermal dissociation
effect) and/or by combining low- and high-dispersion spectroscopy in order to introduce a more
precise constraint of the relative abundance of each detected molecules and the T/P profile of the
exoplanet atmosphere (Evans et al., 2017). The existence of TiO in the atmosphere of WASP-33b
also provides us a valuable information about the maximum condensate size allowed to avoid
the day-night cold trap. Based on the approach of Beatty et al. (2017), we are able to constrain the
TiO condensate size upper limit of 3-5 µm. Our result is a complementary to the TiO detection
using low-dispersion spectroscopy in WASP-19b by Sedaghati et al. (2017), who were able to
constrain the relative abundance of TiO (0.12 p.p.b) but could not provide information about
T/P profile as they were only able to measure the transmission level of the molecules in the
atmosphere.
By observing for about nine hours only using the 8.2 m Subaru telescope, we are able to detect
significant emission signature of TiO in the atmosphere of WASP-33b. Because of the low planet-
star flux contrast level and the existence of TiO in the day-side of WASP-33b, it might be possible
to constrain the distribution of TiO on its day-side via phase curve (Parmentier et al., 2013). The
spatial variation of TiO might also lead to the spatial variation of thermal inversion on the day
side of WASP-33b which can be traced by doing Doppler mapping (e.g Crossfield et al., 2014)
using high-resolution spectroscopy in the ELT era or phase curve mapping (e.g Knutson et al.,
2007a) using JWST. Our results demonstrate that high-dispersion spectroscopy is a powerful tool
to characterize the atmosphere of an exoplanet, and show a promising potential of developing
similar/more advanced techniques for the Infra Red Doppler instrument (IRD Kotani et al.,
2014) in the Subaru telescope, and for extra large telescopes facilities in the future, as suggested
by several authors (e.g. Kawahara and Hirano, 2014; Snellen et al., 2015).
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Reinvestigating the atmospheric
limb of HD 209458b using
High-resolution Transmission
Spectroscopy: Searching for the
Signature of TiO
In preparation
In collaboration with Hajime Kawahara, Kento Masuda, Teruyuki Hirano, Takayuki Kotani, and Akito
Tajitsu
HD 209458b is one of the well-characterized hot Jupiter to date. The thermal inversion ’evidence’
was found in the thermal emission flux of HD 209458b at 4.5 µm which was interpreted to be
originated from the emission of CO. Meanwhile, further analysis found no evidence of either
thermal inversion in the atmosphere of HD 209458b. However, the non-detection might due to
the most of the observation could not resolve feature of the molecules in the atmosphere of the
planet and the heavily model-dependent method. One of the solutions is to use high-resolution
spectroscopy to detect the proposed molecule responsible for the thermal inversion, TiO. The
attempt to detect the TiO using high-resolution spectroscopy was conducted but the inaccuracy
of the TiO line list for wavelength range shorter than 630 nm preventing any constraint on the
existence of TiO in the HD 209458b.
In this chapter, we reinvestigated the existence of TiO in the limb of HD 209458b using high-
resolution transmission spectroscopy at a wavelength longer than 630 nm with High Dispersion
Spectrograph in Subaru telescope. We found no signature of TiO in the atmospheric limb of
HD 209458b down to log VMRTiO= -11. While considering the enhanced Rayleigh scattering by
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H2 in its limb, we ruled out the existence of TiO to log VMRTiO= -8. The minimum abundance
of TiO to create a thermal inversion layer in the atmosphere of HD 209458b is 0.5 × the solar
abundance level (Spiegel et al., 2009), log VMRTiO⊙= -7, making our result consistent with the
atmosphere without TiO-generated thermal inversion which has previously been constrained.
The non-existence of TiO also showed that the cold-trap of TiO is efficient in this planet.
Section 4.1 explains the data acquisition using Subaru telescope. The standard data reduction,
generating spectra with common wavelength grid and the telluric and stellar lines removal
are explained in Section 4.2. Then to extract the exoplanet signal from the noise with cross-
correlation, the model template of the exoplanet spectrum is needed. Section 4.3 explains the
model that we used to generate the model spectrum template. We validated the transiting event
of this planet via the detection of the Rossiter-McLaughlin effect which is explained in Section
4.4.2.
4.1 Subaru Observation
We observed HD 209458b (the system parameters can be seen in Table 4.1) using High Dispersion
Spectrograph (Noguchi et al., 2002, HDS) at f/12.71 optical Nasmyth platform on Subaru 8.2 m
telescope (proposal ID: S16A-107, PI: H. Kawahara) on UT July 21 2016. We used a similar
instrumental set up with our previous work on WASP-33b (Nugroho et al., 2017): standard
NIRc set up (without Iodine cell) with Messia5, 2x1 binning setting, and no image rotator was
used. Image slicer 3 (Tajitsu et al., 2012) was used to achieve the highest spectral resolution (R=
165,000 or 1.8 km s−1 resolution). The choice of standard NIRc set up resulting a dispersed light
of 18 orders covering 6170 – 7402 Å sampled by blue CCD and 12 orders covering 7537 – 8817
Å sampled by red CCD. Both CCD has dimension 4100 × 2048 pixels (0.9 km s−1 per pixel).
Our observation covers the orbital phase of HD 209458b from 0.973 – 0.013, the phase before the
transit until in the middle of the transit event (see Figure 4.1). In total, we obtained 22 spectra of
HD 209458b, each with an exposure time of 500 seconds from air mass 1.0103 to 1.288, and the
spectra of three M-dwarfs: 3 spectra of Barnard star, 3 spectra of GI 752A and 3 spectra of HD
173739. We took dome-flat frames before and after the entire science frame. Thorium-Argon arc
lamp frames were obtained before and after observing the M dwarfs, and HD 209458b.
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TABLE 4.1: System parameters of HD-209458
Parameter Value
HD-209458
M? (M⊙) 1.131+0.026−0.024 a
R? (R⊙) 1.155+0.014−0.016 a
Spectral type G0V b
Te f f (K) 6065 ± 50 c
log g 4.3610 ± 0.007 c
[Fe/H] 0.00 ± 0.05 c
Systemic velocity (km s−1) -14.7652 ± 0.0016 d
vrot sin i? (km s−1) 4.49 ± 0.5 c
d (pc) 47.4 ± 1.6 c
HD 209458b
To(HJD) 2452826.628521 ± 0.000027 e
P (days) 3.52474859 ± 0.00000038 e
Ttransit (hours) 2.979± 0.051 f
Tf ull (hours) 2.253 ± 0.058 f
a(AU) 0.04707 +0.00046−0.00047
e
i (◦) 86.71±0.05 e
MP (MJ) 0.685 +0.0015−0.014
e
RP (RJ) 1.359+0.016−0.019
e
log gP [CGS] 2.969+0.08−0.12
a
a Adopted from Exoplanet Orbit Database Wright et al. (2011)
b Adopted from SIMBAD 1
c Adopted from Knutson et al. (2007b)
d Adopted from Mazeh et al. (2000)
e Adopted from Torres et al. (2008)
f Adopted from Kipping (2008)
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FIGURE 4.1: The coverage of HD 209458b orbital phase during our observation (showed by bold red
line). The vertical dotted line shows the ingress and egress phase
4.2 Data Reduction
4.2.1 Standard Reduction
The standard data reduction was performed to the data using IRAF2. Before debiasing the
frames, we removed the overscan region and corrected the non-linearity effect on the data us-
ing the CL-scripts that can be obtained in the HDS website 3. To define the aperture of the
2-dimensional spectra along the dispersion axis, apall task was used with an order trace frame as
a reference. The order trace frame is basically a dome-flat frame taken using a narrow slit so that
only one narrow dispersed light is captured by the detector that can be used as an order tracer.
We removed the scattered light from the data using apscatter task. The profile of the scattered
light on the frame was estimated by fitting the scattered light in the inter-order area with a cubic
spline function along the slit and dispersion direction. The fitted profile was smoothed and
subtracted from all of the science frames to remove the scattered light. To generate the master
flat frame, 62 dome-flat frames was median combined and normalized using the apnormalize task
in IRAF to conserve the fringe pattern along the slit direction.
We use hdsis_ecf.cl 4 to correct with flat-field and extract the 1-dimensional spectra of the science
frames. The detailed process of this CL-script can be seen in Nugroho et al. (2017) or on Section
3.2.1 in Chapter 3. The 1-dimensional spectra were extracted for the aperture of -11 to 6 pixels
and -10 to 6 pixels from the center of the order trace peak for blue and red CCD respectively.
2The Image Reduction and Analysis Facility (IRAF) is distributed by the US National Optical Astronomy Observa-
tories, operated by the Association of Universities for Research in Astronomy, Inc., under a cooperative agreement with
the National Science Foundation.
3http://www.subarutelescope.org/Observing/Instruments/HDS/index.html
4https://www.naoj.org/Observing/Instruments/HDS/hdsql/hdsql-cl-20170807.tar.gz
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The wavelength calibration was done by using four Thorium-Argon arc lamp frames. We iden-
tified 287 and 116 emission features in the blue and red CCD respectively. Then the wavelength
solution was determined by fitting a Chebyshev function by fifth order in the dispersion direc-
tion and third order in the slit direction using ecidentify task. The RMS of the fitting is 0.0034
and 0.0052 pixels for blue and red CCD respectively. Using refspec, the wavelength solutions of
four Thorium-Argon arc lamp frames were interpolated to account for the shift of the solution
during the observation and was used to assign each of the science frames. Then, the wavelength
solution was applied using dispcor.
4.2.2 Generating Spectra with Common Wavelength Grid
FIGURE 4.2: Relative shifts of telluric lines compared to those in the first frame in the blue CCD and
red CCD. Noticeably the general trend of the shift follows the trend of temperature variation inside the
dome (solid red line)
In our analysis of high-resolution spectroscopy, the spectra are needed to be stacked into the
common wavelength grid. During the observation, the sampled dispersed light can be shifted
due to many factors. After removing the blaze function variation and normalizing all science
spectra with the same method as in the Nugroho et al. (2017), we estimated the shift by selecting
the order that has significant telluric lines but poor stellar lines contamination. The other spectra
with the similar spectral order were Doppler shifted and cross-correlated with the first spectrum
to estimate the shift of each order relative to the first spectrum. The final relative shift of each
frame then is calculated by taking the median value of the shifts of the considered spectral order
in one frame. Figure 4.2 shows the final relative shift of each frame for both CCD (solid lines).
The amplitude of the shift during the observation was 0.2 pixel for blue CCD and 0.15 pixels for
red CCD. The temperature inside the dome during the observation is also plotted (black dashed
line). The general trend of the shift seems to follow the dome temperature variation. To correct
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for the shift, each of the spectra was reshifted using spline interpolation and resampled with
common wavelength sampling. The spectra per order were then tabled into the matrix with the
column as wavelength bin and the row as frame number/time. The bad pixels and cosmic rays
were removed by utilizing 5-σ clipping per wavelength bin and replaced it with the mean value
of the corresponding wavelength bin. The bad region was also masked manually.
4.2.3 Removal of Telluric and Stellar Lines
The expected transit depth of HD 209458b is at the level of 1%, this is one order of magnitude
better than the planet to star flux contrast of WASP-33b in the wavelength range that we ob-
served. HD 209458 is a G-type main sequence star like our Sun, so the contamination of the
stellar line is quite high, moreover, it is a slow rotator meaning that the Doppler broadening
does not broaden the stellar lines so much. So it is important to remove the telluric and stellar
lines before cross-correlating with the exoplanet spectrum template.
To remove the telluric and stellar lines, we applied SYSREM algorithm (Tamuz et al., 2005).
SYSREM is an algorithm to search for the common mode in the exoplanet transit lightcurve data.
As the HD 209458b transiting in front of its host star, the radial velocity of the planet would vary
from -54.4 km s−1 at the beginning to -19.4 km s−1 at the end of our observation. However, the
telluric and stellar lines remain relatively stationary in the wavelength space. The telluric lines
vary in the strength due to the variation of airmass, water vapor column (for water telluric lines)
and the seeing (for stellar lines too). SYSREM treats each of the wavelength bin as a light curve,
and the variation in strength for certain wavelength bins can be recognized as a common mode
similar like in the exoplanet transit light curve analysis. Because the exoplanet spectrum moves
during the observation so by certain degrees it would not be recognized as common modes.
We applied the algorithm to the matrix of spectra order by order both for the spectra of HD
209458 in blue and red CCD. Each of the wavelength bin was divided by their means before ap-
plying the algorithm. The detailed of this algorithm can be seen on Section 2.1.2 in Chapter 2. We
performed SYSREM 10 iteration to search and remove the first ten common modes in the data
(henceforth Nsys). The residual of every SYSREM iteration was then smoothed by applying dou-
ble high-pass filter using smoothing function with a flat window function from PyAstronomy
module5 with smoothing window of 25 pixels and 51 pixels for the first and second high-pass
filter respectively. This double high-pass filter is to remove the low-order variation that still re-
mains in the residual after performing the SYSREM. Then the residuals were divided by their
error which is defined by the standard deviation of the bin as a function of time to take recover
the S/N of each pixel.
5http://www.hs.uni-hamburg.de/DE/Ins/Per/Czesla/PyA/PyA/index.html
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4.3 Exoplanet Spectrum Template
To extract the information of exoplanet spectrum from data after performing SYSREM, the resid-
ual is needed to be cross-correlated with exoplanet model spectrum because the signal is still
buried under the noise. In this analysis, several models were generated. We adopted the
temperature-pressure profile (T-P profile) of HD 209458b constrained by Line et al. (2016), al-
though we should mention that the adoption of different temperature-profile would not affect
the model spectrum because the transmission spectroscopy only probes the transmission profile
of the exoplanet atmosphere, which is independent of its temperature profile.
We divided the model of the atmosphere into 50 evenly spaced in a log-pressure layer from 10−5
bar until 102 bar. Assuming hydrostatic H2-dominated atmosphere and using the mass and the
radius of the planet tabulated in Table 4.1, we convert the pressure into the altitude in km. We
also assumed a constant chemical abundance for all pressure level. In the model, we included
the opacity of H2O using HITEMP database (S.Rothman et al., 2010) for line strength between
1e−24 and 5.85e−23, and TiO from Plez (1998). For TiO, we varied the abundance from log VMR=
−7 until −12. We set the log VMR of H20 to -5.24 taken from MacDonald and Madhusudhan
(2017). We also included the cross-section of Rayleigh scattering by molecular hydrogen H2
(σRayleigh−H2 ) calculated using
σRayleigh−H2 =
128pi5α2H2
3λ4
(4.1)
where αH2 is the polarizability of H2 and λ is the wavelength. We also modeled the transmis-
sion spectrum with the TiO vary from log VMR= -7 until -9, log VMR of H20= -5.24 and 1000x
enhanced Rayleigh scattering as it was constrained by MacDonald and Madhusudhan (2017).
Then we use line-by-line tools for molecular optical depths, Py4CATS6) to calculate the optical
depth assuming 1-dimensional plane-parallel atmosphere. The calculation of the transmission
spectrum is explained in detail on Section 2.2.2 and the optical depth on Section 2.2.3. The
example of the transmission spectrum model of HD 209458 b can be seen in Figure 4.3
To check the accuracy of our wavelength calibration we also modeled the non-inverted atmo-
sphere assuming a constant rate of temperature change with log pressure (henceforth M-dwarf
model) with T0= 2600 K at log P0= -2 and T1= 4000 K at log P1= 0, resulting in TiO absorption
features only for log VMRTiO= -7. All of the model spectra were then convolved with Gaussian
function to the spectral resolution of HDS.
6see http://www.libradtran.org for details
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FIGURE 4.3: The transmission spectrum model of HD 204958 b with log VMRTiO= -7, log VMRH2 = -5.24
and Rayleigh scattering by H2 (left panel). The right panel shows the corresponding temperature profile
for this model that is adopted from Line et al. (2016).
4.4 Cross-correlation Analysis
Extracting the exoplanet spectra that are still buried under the noise can be done by cross corre-
lating with model template. However, to accommodate the possible shift due to the movement
of the planet/star, instead we cross-correlated the observed flux with the Doppler shifted model
spectrum. The cross-correlation follows
CCF(λ) =
∑Ni=1(F
o
i (λ)− F¯o)(Fti (λ− δ)− F¯t)√
∑Ni=1(F
o
i (λ)− F¯o)2 ∑Ni=1(Fti (λ− δ)− F¯t)2
(4.2)
where Foi is the observed flux, F¯
o is the mean of observed flux, Fti is the template flux, and F¯
t is
the mean of template flux, Fti (λ− δ) is the Doppler shifted template flux. The subtraction with
its mean value normalized the CCF within a range of -1 and 1. The model spectrum is Doppler
shifted instead of the observed spectrum to not to introduce any possible numerical noise due
to the interpolation.
4.4.1 Wavelength Calibration Check
M-dwarfs spectra were used to check the wavelength calibration as well as the TiO line list
accuracy simultaneously. The M-dwarfs spectra were cross-correlated with the Doppler shifted
M-dwarf model from -90 km s−1 to 90 km s−1 relative to their expected RV with 1 km s−1 steps.
The result can be seen in Figure 4.4. The peak of the cross-correlation of all M-dwarfs is at the
rest-frame velocity except for some several bad orders that have been identified in the previous
work (Nugroho et al., 2017). The bad orders and the heavily telluric-contaminated order are
masked from further analysis.
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FIGURE 4.4: Cross-correlation results between M-dwarf model and three M-dwarf spectra, Barnard’s
Star (black lines), Gl752A (blue lines), HD173739 (green lines). The color of the label of the wavelength
range also represents the order to which the CCD belongs. Note that the y-axis scale is not uniform, thus
the orders cannot be compared. The black dash line is the rest-frame RV of each M-dwarf stars, while the
vertical blue dashed line in the first three orders of the blue CCD is the position of CCF peaks on those
orders. The grey shaded panel shows the bad shape CCF that are masked for the rest of the analysis
(bad). The ht label shows the masked order in the later analysis due to heavily contaminated by strong
telluric lines.
4.4.2 Rossiter-Mclaughlin Effect of HD 209458b
The stellar spectrum observed from Earth is the result of a disk-integrated spectrum. In detail,
the stellar spectral line profile is an integrated part of the red shifted and blue shifted part of
the stellar surface intensity. During the planet transit, part of the host-star surface is shadowed
by the planet making the stellar line profile distorted than if there is no planetary transit. As a
result, the measured RV of the star would be a bit shifted. The shifting of the stellar measured
RV because of the planetary transit is called Rossiter-Mclaughlin effect (RM-effect). Originally,
this effect was reported for eclipsing binary systems by Rossiter (1924) and McLaughlin (1924).
In the exoplanetary science, observing this effect allows us to constrain the alignment between
the apparent spin axis of the host star and the apparent orbital axis of the planet or namely spin-
orbit alignment. This can also be used to validate the planetary transit event spectroscopically
which is our purpose on this subsection.
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To measure the RM-effect, we calculate the average combination of the first four spectra taken
before the transit event as a reference for the ’clean’ line profile. The telluric lines were identified
and masked from all spectra. Then the all of the spectra were cross-correlated with the Doppler-
shifted of the reference spectra from -10 km s−1 to 10 km s−1 with 0.01 km s−1 steps order by
order.
The measured RV values of all selected order within one frame were medianly combined. The
error of each RV values was calculated by taking the mean absolute deviation (henceforth m.a.d.
values) of the RV values within one frame. The measured RV of each frame were corrected by
the barycentric radial velocity of corresponding frames. Then, the rest frame RV was taken by
calculating the mean values of the first four RV values with their m.a.d. values as their weight
and subtracted from all of the measured RV. The final RVs were then corrected with the RV
variation of the star caused by its movement around the center-of-mass of the star-planet system
using the parameters tabulated in Table 4.1.
The result can be seen in the Figure 4.5. As it was expected, the R-M effect due to the transit
of HD 209458b shifted the observed RV of the host-star with an amplitude of about 40 m s−1.
Our result is consistent with the previous measurement by Queloz et al., 2000 and Winn et al.,
2005. We did not perform any further analysis for this result as it is enough to validate the transit
event during our observation.
4.5 Result and Discussion: No TiO Signature
We analyzed the spectra with a common SYSREM iteration number for all orders. The model
spectrum was cross-correlated from -209.36 km s−1 to 140.64 km s−1 with 0.5 km s−1 steps,
and tabulated into the matrix. Then, the SYSREM residual is cross-correlated with the Doppler-
shifted model spectrum with normal Rayleigh scattering order by order. The CCF of each frame
was calculated by summing up the CCF of the orders within the frame. The total CCF value
was listed in the matrix with RV as a column and orbital phase or frame number as a row.
To find the signal of the planet, the CCF of each frame was aligned to the planet rest-frame
velocity following equation 2.1 with orbital velocity (Kp) of 145.25 km s−1 calculating using the
parameter in table 4.1 and systemic velocity (Vsys) of -14.76 km s−1 and calculate the mean value
of all CCFs except for the first five CCFs where the planet was outside of transit. The S/N of the
signal is calculated by dividing the final CCF with the standard deviation outside ± 5 km s−1
from RVsys−rest= 0 km s−1.
To check our detection sensitivity, we injected the model spectrum with normal Rayleigh scat-
tering to the real data at the expected RV into the data before the telluric removal. Then it was
recovered by cross-correlation after performing a similar procedure with the real data. The in-
jected spectrum was broadened according to its expected projected rotational velocity assuming
a tidally locked condition using a rotation kernel in fastRotBroad task from PyAstronomy. Then
it was convolved with a box-function to take into account the change of Doppler shift during the
exposure of 500 s.
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FIGURE 4.5: The detected Rossiter-McLaughlin effect during our observation of HD 209458b. The green
dashed line is the 0 m s−1 RV. The gray dashed lines show the phase of ingress and mid-transit. The shift
of the observed RV of the host-star validates the transit event during the observation.
The final results are shown in Figure 4.6. The result in the figure is based on the cross-correlation
result after performing SYSREM 6 iteration. The choice of this number was based on the vari-
ation of S/N of the recovered injected signal with log VMRTiO= -10 and -11 reached a common
plateau before decreasing with more SYSREM iteration as the SYSREM began to remove the
injected planetary signal (see Figure 4.7)b, we did not consider the stronger recovered signals
due to the possibility that the injection of strong injected signal might result in different noise
property compared to the real data.
As in the Figure 4.6, we did not find any significant TiO signal in the result of cross-correlating
with the model spectrum for any assumed TiO abundances. Increasing the SYSREM iteration did
not reveal any significant signal as can be seen in Figure 4.7a, keeping the S/N at the expected
RV of the planet below 2σ. However, the injected signal can be recovered with S/N= 20-σ for
model spectrum with log VMRTiO of −7, and as the assumed TiO abundance decreasing in the
model spectra so does the retrieved signal of the recovered injected spectrum. Our detection is
sensitive down to the log VMRTiO of −11 with the S/N as large as 9-σ. The recovered signal can
be seen in the middle panel of 4.6 as a bright stripe from the beginning of the transit (at frame
number 5) until frame number 22. The contamination due to the inclusion of H2O to the model
must be negligible as the model spectrum even with a very low TiO abundance can be retrieved
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(a)
(b)
FIGURE 4.6: (a) and (b) are the cross-correlation signal of the observed data (left panel) and the recovered
injected signal with normal Rayleigh scattering (middle panel). The right panel shows the total cross-
correlation signal after aligning and combining the signal for all CCF inside the transit phase at the
expected rest frame velocity of the planet. The orange dashed line is the final S/N curve of the recovered
injected signal, and the blue line is the final S/N curve of the observed data. The color scale represents
the strength of the signal. It can be seen that the injected signal can be recovered well for the injected
model spectra with log VMRTiO= -7 – -11. However, the injected signal could not be recovered for the
injected model spectra with log VMRTiO= -12. This set the upper limit of our TiO detection sensitivity.
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(a)
(b)
FIGURE 4.7: The variation of the final S/N of observed data (a) and the recovered injected signal of a
model spectra with normal Rayleigh scattering as a function of SYSREM iteration number at the expected
RV of the HD 209458b. Different color shows the different log VMRTiO that was used in the model. The
S/N of the observed data does not change even after iterating SYSREM 10 times, meanwhile the S/N
of the recovered signal from the injected spectrum increasing as the SYSREM removes the first several
common modes in the data, then plateau at 6-7th iteration then decrease as the SYSREM begin to remove
the injected planetary signal.
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with S/N= 9. The injected spectra with log VMRTiO of −12 could not be recovered.
Before constraining the upper limit of our detection sensitivity, we should consider any addi-
tional opacity that could mask the signature of TiO. The most recent work by MacDonald and
Madhusudhan (2017) analyzing the transmission spectroscopy data in visible and near-infrared
of HD 209458b presented in Sing et al. (2016) using retrieval technique resulting in the finding
of sub-solar water abundance, evidence of nitrogen chemistry, patchy clouds and also highly
enhanced Rayleigh scattering in the limb of HD 209458b. The highly enhanced Rayleigh scatter-
ing slope is visible in Figure 8 of MacDonald and Madhusudhan (2017). Although in the longer
wavelength than the Na D absorption feature (longer than 6000 Å), the low signal to noise ratio
of the data preventing the constraint of the existence of either K or TiO feature.
The effect of the highly enhanced Rayleigh scattering to the detectability of TiO in our obser-
vation was checked by injecting the model spectrum with 1000x enhanced Rayleigh scattering
to the real data before applying SYSREM for log VMRTiO= -7 to -9. The injected spectrum was
rotationally broadened and convolved with a box-function to take into account the change of
Doppler shift. We retrieved the recovered signal after performing a similar procedure with the
real data by cross-correlating with the corresponding model spectrum.
Figure 4.8a shows the result of the cross-correlation between the observed data for the 6th SYS-
REM iteration and the model spectrum with 1000x enhanced Rayleigh scattering log VMRTiO=
-7 to -9. The S/N of the recovered injected signal versus the SYSREM iteration number can be
seen in 4.8b. The number of the SYSREM iteration did not really affect the recovered S/N thus
the strength of the recovered injected signal is robust. The injected spectrum with log VMRTiO=
-7 is recovered with S/N= 12, weaker than the recovered signal of the model spectrum with nor-
mal Rayleigh scattering with the similar TiO abundance. However, with the inclusion of 1000x
enhanced Rayleigh scattering to the model spectrum, we can only recover the TiO signature un-
til log VMRTiO= -8 with S/N= 6. The significant decreased of the S/N of the recovered injected
signal is due to the enhanced Rayleigh scattering opacity dominated the transmission spectrum
of the planet covering the TiO signal from being able to be probed by our observation. Thus if
the TiO in the gas phase does exist in the atmospheric limb of HD 209458b, the log VMRTiO must
be lower than -8.
The TiO line list in the wavelength range of our analysis is accurate as we have proved in the
Section 4.4.1, thus the non-detection of TiO is no longer due to the inaccuracy of the line list
is used to generate the model spectra. To create an observable thermal inversion layer in HD
209458b, the minimum abundance of the TiO in the gas phase needed at the upper atmosphere
is 0.5 times the solar TiO abundance (log VMRTiObigodot = -7) (Spiegel et al., 2009). Thus, our
analysis set the upper limit of the TiO abundance in the limb of the HD 209458b atmosphere to
log VMRTiO consistent with the non-inverted atmosphere constrained by previous studies (e.g
Diamond-Lowe et al., 2014; Line et al., 2016). Our result also confirmed that the feature at 6250
reported by Désert et al. (2008) was not coming from the TiO absorption features.
The non-existence of TiO in the gas phase in the upper atmosphere could be caused by several
factors. Knutson et al. (2010) explained that the non-detection of the thermal inversion of several
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(a)
(b)
FIGURE 4.8: (a) The cross-correlation result of the observed data (left panel) and the recovered injected
signal with 1000x enhanced Rayleigh scattering (middle panel). The right panel shows the total cross-
correlation signal after aligning and combining the signal for all CCF inside the transit phase at the
expected rest frame velocity of the planet. The orange dashed line is the final S/N curve of the re-
covered injected signal, and the blue line is the final S/N curve of the observed data. The color scale
represents the strength of the signal. (b) The variation of the final S/N of the recovered injected signal
of a model spectra with 1000x enhanced Rayleigh scattering as a function of SYSREM iteration number
at the expected RV of the HD 209458b. Different color shows the different log VMRTiO that was used in
the model.
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hot Jupiters might be related to the chromospheric activity of the host-star that destroyed the
compound responsible for creating the thermal inversion layer. However, based on the analysis
of CaI I H and K emission lines of HD 209458 by Knutson et al. (2010), the chromospheric activity
is low so it is unlikely to be the cause of the non-existence of the TiO in the atmosphere. Despite
the temperature of HD 209458b that low enough to allow the formation of haze and clouds
of several condensates, its atmospheric condition does not seems to be cloudy, as Désert et al.
(2008) able to detect the absorption of Na D using STIS/HST. The most possible cause is the
existence of the TiO cold trap. As it was explained in the 1.5, the vertical cold trap is when the
temperature of the atmosphere is lower than the condensation temperature of TiO, the gas phase
of TiO condenses and be removed from the upper atmosphere by the gravitational settling. As
Parmentier et al. (2013) has shown, even if the vertical cold-trap is assumed to be not efficient,
the tidally locked rotation makes the temperature of the night side is much colder than the
day-side creating day-night cold-trap and should remove the TiO from the upper atmosphere
of the planet. For HD 209458b, the TiO in the gas phase could still survive on the day-side of
the atmosphere if only when the TiO condensed in the night side, it does not grow into several
microns of condensate. The non-detection of TiO in our analysis supports that at least the cold-
trap efficiently reducing the abundance of TiO in the gas phase at the upper atmosphere to lower
than log VMRTiO= -8.
4.6 Summary
We present our analysis of the transmission spectroscopy data of HD 209458b using HDS in Sub-
aru telescope. We reduced the data using IRAF and custom-built Python script and removed the
telluric and stellar lines using SYSREM algorithm. We validate our analysis by confirming the
accuracy of the TiO line list and our wavelength calibration, and the transit event by measuring
the R-M effect during the observation.
We compare the telluric and stellar lines-free observed data to the high-resolution planet model
spectrum with a range of TiO abundance, constant H2O abundance and two Rayleigh scattering
by H2 opacity (normal and 1000x enhanced) created by using Py4CATS. Our analysis suggests
the abundance of TiO should be less than log VMRTiO of -11 assuming normal Rayleigh scat-
tering. However, by assuming the 1000x enhanced Rayleigh scattering of H2, the upper limit of
the TiO abundance in the atmospheric limb of HD 209458 is log VMRTiO of -8. This is consistent
with the non-inverted atmosphere constrained by previous studies as creating observable ther-
mal inversion needs the TiO at least to be 0.5 × of the solar TiO abundance (log VMRTiObigodot =
-7). The host-star is too quiet to destroy the TiO by its chromospheric activity and the atmo-
sphere is not cloudy enough to cover the TiO signature as the Na D feature can be seen in its
optical low-resolution transmission spectrum Désert et al. (2008). Thus, the low abundance of
TiO might be explained by the existence of vertical and day-night TiO cold trap that removes
the TiO from the upper atmosphere. Our non-detection also confirmed that the feature at 6250
found by Désert et al. (2008) was not from the contribution of TiO.
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5.1 Outlook
In this thesis, I present the high-resolution spectroscopy analysis of two hot Jupiters, WASP-
33b and HD 209458b, observed using HDS in the Subaru telescope. Through high-resolution
spectroscopy analysis, molecular signature and the thermal structure of the day-side exoplanet
atmosphere can be retrieved unambiguously. This technique is very powerful as we are not
required to do a full modeling of the atmosphere of the planet to be able to tell the thermal
structure of the atmosphere. The crucial part of this technique is the accuracy of the line list that
is used to create the model spectrum and the removal of telluric and stellar lines from the data.
The TiO line list accuracy was confirmed to be accurate in the working wavelength range by
comparing with the M-dwarfs spectra, providing a robustness for further use in the analysis.
The telluric and stellar lines were removed by applying SYSREM algorithm. The SYSREM algo-
rithm was then optimized in the order-by-order scheme to take into account the different level
of telluric and stellar contamination in each order. It is important to apply a high-pass filter after
performing SYSREM to remove any residual low-order variation in the spectra. The residual
then should be divided by its standard deviation to take into account the S/N of the original
spectrum.
During the analysis, I learned to generate a high-resolution spectrum template of the exoplanet
for both the thermal emission and the transmission spectrum using Py4CATS. These spectrum
templates were then compared to the residual of SYSREM to extract the exoplanet spectrum
buried under the noise. The result of cross-correlation of all order within one frame was then
combined and analyzed.
Result:
WASP-33b The high-resolution spectroscopic emission of TiO was detected in the WASP-33b
spectrum. The simultaneous detection of TiO and thermal inversion in the day-side of WASP-
33b proves the hypothesis of TiO being the compound responsible for the thermal inversion
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in the hot Jupiter atmosphere. This detection also allows setting the upper limit of TiO con-
densate size in the night-side to 3-5 µm assuming the vertical cold-trap on the day-side is not
effective. However, non-self consistent spectra modeling preventing us to constrain the relative
abundance of TiO in the day-side of WASP-33b. As the first direct detection of TiO emission on
the day-side of hot Jupiter, it motivates us to apply the same technique to other potential targets
using HDS and/or IRD in Subaru telescope.
HD 209458b The transit event was confirmed by observing the R-M effect during the observa-
tion. The result of the measurement is comparable with the previous study by Queloz et al.
(2000) and Winn et al. (2005). We did not detect any TiO signal in the transmission spectrum
of HD 209458b. The high-resolution transmission spectroscopy of HD 209458b is sensitive to
detect TiO down to the log VMRTiO= -8 set by the enhanced Rayleigh scattering slope in the at-
mospheric limb. If there is any TiO in the gas phase, then the relative abundance should be less
than this value. The minimum abundance to create observable thermal inversion is 0.5 the solar
abundance (Spiegel et al., 2009), so this result is consistent with the non-inverted atmosphere
constrained by many of the previous studies (e.g Diamond-Lowe et al., 2014; Line et al., 2016)
and ending the debate of the existence of TiO gas phase in the atmospheric limb of this planet.
Parmentier et al. (2013) showed that most of the chemical gases in the atmosphere will condense
in the night side of a tidally-locked hot Jupiter due to the day-night cold trap. However, the
detection of TiO in the day-side of WASP-33b proves that the day-night cold-trap in this planet
is not effective enough to remove the TiO from the upper atmosphere. Meanwhile, it would be
interesting to constrain the abundance of TiO in the atmospheric limb to explore how the TiO
condenses in the east terminator and survives on the west side of the planet.
As shown in Figure 5.1, the TiO signature has been detected both on the day-side of WASP-33b
and the atmospheric limb of WASP-19b (Sedaghati et al., 2017). Meanwhile, during the writ-
ing of this thesis, using low-resolution spectroscopy with Magellan/IMARCS, Espinoza et al.
(2018) claimed a featureless transmission spectrum of WASP-19b in the similar optical wave-
length range as Sedaghati et al. (2017). They only found a tentative weak signature of TiO in
the one out of five precise datasets that coincidentally shows the clearest signature of stellar
contamination. Furthermore, they also suggested that the TiO-like feature seen by Sedaghati
et al. (2017) could be caused by the mimicking of the spots of the host-star with the temperature
lower than the stellar surface temperature. This leaves the WASP-33b as the only hot Jupiter
that has TiO robustly detected while for the other 4 hot Jupiters in the orange shaded area have
been known to inhibit thermal inversion layer in its atmosphere but has not been proved to
have TiO gas. Both the non-detection of TiO and the constraint of non-inverted atmosphere in
HD 209458b highlight the need to extend the similar analysis to the moderately hot Jupiters as
this planet was one of the relatively coldest hot Jupiter to be a prototypical exoplanet to inhibit
thermal inversion.
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FIGURE 5.1: The exoplanet with published secondary eclipse spectra observed by HST/WFC3 with the
G141 grism plotted as a function of gravity and dayside temperature. The blue dashed line is the limit
where the thermal dissociation of water becomes important. The green dashed line is the limit where the
opacity of H− begins to be relevant to the opacity of the atmosphere. The orange dashed line is the limit
where we expect to detect TiO in the gas phase (the planets in the orange shaded area). The only planets
which TiO has been detected in the atmosphere are WASP-19b (Sedaghati et al., 2017) and WASP-33b
(Nugroho et al., 2017). While HD 209458b has been constrained to not have the gas phase of TiO in its
atmospheric limb. This figure was edited from the Figure 14 in Parmentier et al. (2018)
5.2 Future Prospect
The positive detection of TiO in the WASP-33b motivates me to apply a similar technique to the
other exoplanets but for a different purpose.
Kawahara 2012 showed that it is possible to probe the planetary spin and the obliquity by an-
alyzing a precise measurement of planetary radial velocity (PRV). The planetary spin and the
obliquity will give Rossiter-McLaughlin-like effect on the PRV of the dayside as we observe
along its orbit. The PRV of an exoplanet can be measured using HDS technique by targeting spe-
cific molecules in its day-side thermal emission spectrum. By using InfraRed Doppler (Kotani
et al., 2014) instrument in Subaru telescope, the PRV of the hottest exoplanets can be measured
precisely, thanks to its wide wavelength range coverage, high spectral resolution (R ∼ 70,000 ∼
4.2 km/s), and precise wavelength calibration owing to the simultaneous wavelength calibration
(∼ 2 m/s even though only using arc-lamp, poster of Teruyuki Hirano in 10th RESCEU/Planet2
Symposium Planet Formation around Snowline).
The study of planetary spin and its obliquity is essential toward the understanding of the exo-
planet atmosphere since it affects how the heat is distributed on its surface, the dynamical and
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chemical evolution of atmosphere of the planet, and the habitability of the more cooler exo-
planet. Moreover, if we able to measure the spin, the result might encourage conducting a larger
survey to constrain planetary formation theory since the planetary spin is the result of the accre-
tion of angular momentum during its formation (e.g.). Table 5.1 shows the several exoplanets
that previously has a positive detection of specific species of molecules (WASP-33b) and very
high equilibrium temperature.
TABLE 5.1: Targeted Exoplanets
Exoplanets Fp/Fs (J band) Target mol. Vrot (km/s)
WASP-33b 1.5×10−3 TiO 6.8
(Teq= 3337 K, J= 7.6)
WASP-103b 1.7×10−3 TiO/VO 8.5
(Teq= 3119 K, J= 11.1)
WASP-76b 7×10−4 TiO/VO 5.2
(Teq= 2716 K, J= 8.5)
The Vrot is the expected equatorial projected rotational velocity for the tidally locked case, the
temperature equilibrium was calculated by assuming that the stellar radiation is instantaneously
re-radiated by the planet with the Bond albedo of 0.1, target mol. is the target molecules that we
will use to probe the anomaly of PRV. Those are chosen considering: the high projected rotational
velocity of the planet (higher than the instrumental broadening of IRD); the high equilibrium
temperature (increasing the probability of the existence of inversion layer that might be caused
by TiO/VO); the high planet to star flux contrast.
By observing those target using IRD, we can compare the emission spectrum before and after to
find any evidence about shifted hottest spot on the day-side surface of Hot Jupiter. It is also a
great chance to demonstrate the capability of IRD characterizing the atmosphere of the exoplanet
with a highly successful probability (especially by observing WASP-33b since the existence of
TiO and inversion layer are supported by Haynes et al., 2015; Nugroho et al., 2017). Even though
if we are only able to constrain the upper limit of the spin velocity and obliquity of our targets,
it would be the first attempt to measure those parameters using this technique which would
be very valuable for the future observation using TMT, moreover the data can still be used to
constrain the temperature structure of the atmosphere and the relative molecular abundances in
this wavelength range (e.g. TiO, VO, H2O).
The
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